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ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE
Doctor of Philosophy
by Iain R. G. Ogilvie
This work presents an investigation into the production of components for in-situ oceano-
graphic nutrient sensors. These devices are based on a microuidic chip platform, taking
the lab-on-a-chip (LOC) system concept out of the laboratory and into a real world en-
vironment. The systems are designed to provide data on nutrient concentrations in the
ocean and as such are built from robust low cost materials designed for deployments
from 24 hours to 3 months. This report focuses on the challenges faced in designing
a microuidic system for these harsh deployment situations including a study of the
relevant literature to indicate short falls in current technologies.
The aim of this work was to develop the next generation of microuidic chip based nu-
trient sensors. A novel solvent vapour bonding technique has been developed for the
production of polymer based microuidic chips which produces robust chips while si-
multaneously reducing the surface roughness of the substrates during bonding. This
has allowed micromilling of polymer substrates to quickly and easily develop new chip
designs with optical quality features. The surface reduction technology has enabled de-
velopment of a method to integrate absorbance cells into tinted PMMA devices which is
also discussed. Integration of polymer membranes to produce valve and pump structures
is discussed and a novel bonding technique for chemically robust Viton R  membranes is
demonstrated. The nal chapter includes a discussion on system topologies, concentrat-
ing on the need for high resolution sampling and the implications on system design that
arise. A novel multiplexed stop ow system is demonstrated. Questions about the role
of traditional microuidic components, such as mixers, in high-throughput low temporal
response system designs are discussed and a microuidic mixer suitable for some of these
systems demonstrated.Contents
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Introduction
1.1 Project Description
The purpose of this study is to produce components for in-situ oceanographic nutrient
sensor systems from robust low cost materials. These systems are used to measure
the concentration of chemicals through wet chemical analysis (herein referred to as
wet chemical sensors). Fluid handling components required on these devices include;
mixers, pumps, valves and optical detection chambers. This report gives a brief review
of the literature highlighting microuidic devices that can be used to create these in-
situ nutrient sensors and outlines the current contributions made by the author to this
discipline. Many parts of the included work are essential for the creation of real world
devices and enabling the development of future technologies.
This work was carried out at the Centre for Marine Microsystems (CMM) which is a
part of the National Oceanography Centre (NOC) Southampton, UK. At CMM the
team develops sensors for oceanographic applications which has allowed this author to
explore the discipline while surrounded by experts in the eld. This experience has aided
the developments featured herein, especially in gaining knowledge and experience in the
eld while working with macro-systems.
If the nal product is to be considered, then the desired outcome of this project is a mi-
crouidic chip with integrated valves and pumps produced in robust, chemically resistant
materials. The ability to handle all of the chemicals needed for oceanographic sensing is
a key requirement in order that these chips can be used in real world environments. The
system must also be physically robust as sensors often need to be deployed at depths of
several thousand metres subjecting components to extreme pressures. Essentially this
work is concerned with developing a platform to allow multiple nutrient sensor systems
to be realised and as such scalability and exibility are essential to the platforms suc-
cess. The platform must also allow multiple chemical and control processes as well as
the integration of external components where required. By addressing these issues the
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developments contained within this document form the basis of the next generation of
sensor systems and allow for even further development.
This thesis contains seven chapters: an introduction to the eld of nutrient sensors in
the ocean, a chapter on the development of a robust system platform, a chapter on the
integration of an absorbance ow cell, a chapter on the integration of membranes to
form valves and pumps, a chapter demonstrating these developments in the form of a
high temporal response system, and a conclusion chapter. The four core chapters are
based upon refereed journal publications.
1.2 Previous Work at CMM
Nutrient concentrations in the ocean have been studied since the early 20th century
as determination of these chemical concentrations aids understanding of the life-cycle
processes taking place in the locale (Atkins (1923)). Traditionally bottled samples are
taken and analysed in a laboratory either on-board ship or upon return to land. Recent
developments have placed systems into the environment to provide better resolution
and improved sample reliability where the time to analysis is short reducing sample
degradation. Further reduction in size and cost of these systems will allow greater scope
for collection of data and understanding of the ocean system processes.
Currently in development at CMM are a variety of sensors using colourimetric ab-
sorbance measurements to determine concentration of nutrients. These are outlined
in the next chapter. Prior to this work the main focus of the research was into macro-
scale systems (optouidic channels >1 mm) built from commercial and custom built
components joined with tubes, typically 0.6 or 0.8 mm internal diameter. This work
has enabled the development of physically smaller devices operating in the microuidic
regime using smaller sample volumes.
A brief description previous development work at CMM is given in Appendix B.2.
1.3 Scope of Thesis: Development of a robust platform for
colourimetric microuidic nutrient sensor systems
To allow a greater scope of information to be gathered with oceanographic nutrient
sensors they must be robust, portable and low cost (Patey et al. (2008)). The aim
of this project is to address these issues by placing the analysis of the sample upon a
microuidic Lab-On-Chip platform. A number of nutrient detection chemistries have
been considered and demonstration of phosphate measurement is used to highlight the
benets of moving to the new platform.Chapter 1 Introduction 3
The rst issue addressed was the lack of truly robust system platforms. In this work
`robust' is dened such that the system can withstand cyclic immersion in seawater to
depths of 6000 m for a period greater than 3 months. During this time its performance
and preferably its physical structure should not degrade such that reliable data contin-
ues to be returned. Also it should ideally remain in salvageable condition if lost at sea
and subsequently recovered. The integration of many system components onto a single
platform was essential; much of the delicacy within the previous generation systems is
due to the interconnects and need for mechanical supports. In chapter 3 the manufac-
turing method presented allows for devices with integral connectors and the integration
of channel structures (mixers, optical cells etc.) onto a single platform. Much of the
robustness comes from the tough plastic substrates and also the reduction in the number
of tubular interconnects. There is also provision for the integration of commercial valves
while allowing for on-chip components where possible. This has been utilised in several
published systems (Sieben et al. (2010), Floquet et al. (2011), Beaton et al. (2011)).
The second issue addressed was the integration of an absorbance ow cell for measure-
ment of uid optical properties. This was enabled by the robust platform developed
in this work. In macro-scale systems the optical components are separate devices but
integration onto the platform reduces system volume and cost. A solution is presented
in chapter 4 which is simple to fabricate and does not aect the robustness of the rest of
the system. The concept is scalable and as such has been adapted to multiple chemistries
within the scope of the desired nutrients. It is also a low-cost method of providing the
functionality as it requires little additional micromilling and does not require expensive
commercial components.
The third consideration was the integration of membranes onto the system platform.
These must be formed from an elastomer which is chemically robust (to handle all of
the desired reagent chemistries) while exible enough to seal with samples containing
particles. A uoropolymer Viton R  material was chosen because of it chemical robustness
and mechanical properties. The integration method is discussed in chapter 5 along
with demonstration of valves manufactured in this material upon a systems platform
compatible with that shown previously.
Finally all of these technologies were proved together through the production of a new
system architecture. This was achieved by building and testing a multiplexed stop-ow
system which can make measurements at a rate of >4 min 1 compared to 10 /hour for
previous systems (Sieben et al. (2010)). This was only possible with the use of on-chip
valves and provides a signicant performance improvement over the previous generation
of systems. Demonstration of this system and a comparison push-pull system is shown
in chapter 6.
As such my thesis was broken down into four progressive sections which follow the
development of the system components and demonstrate their use in a complete system.4 Chapter 1 Introduction
1.3.1 Research Novelty
The novel aspects of the research presented in this document are: the fabrication of
microuidic devices in PMMA using a solvent vapour bonding process; the reduction
of surface roughness in polymer substrates (PMMA and COC) through solvent vapour
treatment; integration of optical absorbance cells into tinted PMMA devices; a method
to integrate Viton R  membranes into PMMA and COC devices; and a novel approach
to sensor system design - the Multiplexed Stop Flow (MSF) system.
1.4 Publications and contributions
The work described herein was carried out between October 2007 and March 2011
within the Centre for Marine Microsystems (CMM) at the National Oceanography Cen-
tre (NOC) Southampton in collaboration with the Electronics and Computer Science
(ECS) department of the University of Southampton, UK. Funding for this research has
been provided by NERC, EPSRC and the seventh European Framework Programme.
This thesis is the result of my own work and I have attempted to include notes where
research was done in collaboration. The content is based on the publications listed below.
My contribution to each is given in Table 1.1. The full reference for each publication is
given in the following bibliography.
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Background
2.1 Sensors systems for the Ocean
2.1.1 Global System Models
If one is to believe the popular media then the future of humanity is very bleak. Recent
Hollywood productions (such as The Age of Stupid, The 11th Hour, The Day After
Tomorrow and An Inconvenient Truth among others) indicate that humanity has caused
irreparable damage to the planet on which we live. Although these lms often appear
to have been produced with little regard to scientic literature, the fact that the subject
matter is given attention shows that environmental issues are now important mainstream
concerns.
Short and long term computer models exist for the prediction of weather allowing accu-
rate forecasts to be made. Weather stations around the world collect data to a common
standard governed by the World Meteorological Organisation (WMO) which is then dis-
tributed to weather forecasters. The Met Oce in the UK is one such forecaster which
runs continuous computer simulations based on the data provided in order to improve
their model and predict future weather conditions. There are thousands of weather sta-
tions around the world (WMO) and the Met Oce has been keeping records for over a
hundred years. Consequently the combined human experience in this area is large and
helps to give condence in the computational models which output the forecasting data.
The oceans cover 2/3 of the world's surface and although it is possible to understand
the larger scale phenomena, such as ocean currents and large scale surface temperature
variations, small scale eects are more dicult to model (WMO). The diculties are two
fold; rstly the physical scale of phenomena, such as algae blooms, may require metre
length scale resolution and sub-hour time scale to accurately record them (Flewelling
et al. (2005)). To understand the processes that occur within these sub-systems and the
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eects they have on ocean systems as a whole there is a requirement to make constant
measurements of a number of factors (temperature, salinity, pH, dissolved oxygen, nu-
trient concentrations etc.) at a variety of locations and depths across the ocean (Sellner
et al. (2003)). Resolution of these factors at metre length and sub-hour time scales is
currently very dicult and often prohibitively expensive (Rudnick et al. (2004)). How-
ever, to fully assess the future of our world we need to attempt to understand all of the
sub-systems and their eects on the global ecosystem.
2.1.2 Collection of Data
Permanent xed structures such as buoys can be used as deployment platforms for low-
power sensors where suitable power installations (such as solar) are in place (WMO).
These are well placed to collect data about water temperature and details on current
ow direction and speed. Using buoys in this way provides thousands of deployment
opportunities worldwide (WMO).
Other methods of deploying sensors to gather data involve some form of vehicle. The
highest cost version of this is towing sensors behind scientic vessels. This allows high
power instruments to be used but the high cost of running the ship makes this data
rather expensive. For example the annual running cost of the four NERC scientic
research vessels is approximately $13.5m per annum, or $9k per day per vessel, without
including the capital costs or cost of the scientists and equipment for this time (NERC
Accounts 2010). There are also semi-permanent installations on commercial and private
vessels that are used to gather data (Petersen et al. (2003), Hydes et al. (2009), Chelsea
Instruments, The International Seakeepers Society). These are often utilised in areas of
great scientic interest or on commercial shipping routes. These systems are convenient
because they gather data while the vessel is in motion with limited user intervention.
However they are limited to deployments along shipping routes which are not necessarily
of scientic interest.
Smaller vessels include gliders and the Argo oat network (Rudnick et al. (2004), Gould
et al. (2004)). Gliders use minimal buoyancy engine based propulsion to move very
slowly through the water which conserves energy. They follow ocean streams, surfacing
to transmit data and for physical collection at the end of their deployment (Rudnick et al.
(2004)). These vehicles can cover hundreds of miles if required and allow the scientist to
record data along a set route. Alternatively the Argo oat network is a series of oating
platforms which cycle their depth and oat around the world on the ocean currents
(Argo). These again transmit data when surfaced allowing remote deployment of sensors
without user intervention. Another advantage of these systems is their relatively low
cost; $15k at the time of writing (Argo). Consequently over 3000 Argo oats have
been deployed in the ocean to date (Argo). Although convenient to gather un-manned
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(limited by the on-board battery capacity) and their maximum payload (limited by the
buoyancy change).
With the deployment opportunities in mind, optimisation of sensor systems to reduce
physical size, reagent usage per sample and power consumption is required to reduce the
cost per sample and allow large scale remote deployment of sensors for data collection.
2.1.3 Current Commercial Systems
This section contains a brief overview of commercially available sensor systems. The ap-
pearance of wet chemical sensors in scientic literature is discussed in chapter 6. There
are a number of integrated oceanographic sensor systems that are available commer-
cially for monitoring environmental conditions. Generally their size is much larger than
potential LOC systems making them bench top solutions.
Flow through sensor stations for installation on ships and yachts measure the environ-
ment using water pumped from outside the hull (Chelsea Instruments, The International
Seakeepers Society). Conventional macro sensors are used to measure water tempera-
ture, conductivity, concentration of Chlorophyll-a (Chelsea Instruments) as well as air
temperature, salinity and acidity (pH) (The International Seakeepers Society). Data is
then stored or transmitted to a remote data node on-board the vessel. The systems are
around 1 m high and 0.5 m wide and deep, weighing 30-100 kilograms. Similar sys-
tems have been positioned along estuaries and water ways as well as at coastal stations
(Southern California Coastal Ocean Observing System).
The are ve commercial suppliers providing in-situ seawater monitoring systems. Sea-
Bird Electronics Inc. produce systems for measuring conductivity, temperature and
depth (CTD) as well as systems for sampling. These are around 100 mm in diameter,
0.5 m long and are able to provide on-board logging for other sensors if required. These
systems can be towed behind a ship or submerged to depth to obtain samples that can
be analysed in the lab. WET Labs also produce a CTD system alongside wet chemical
analysers. These are capable of measuring dissolved oxygen, chlorophyll uorescence
and phosphate concentration. The systems are quite large; for example the phosphate
system is 0.18 m diameter and 0.56 m long. It is capable of 2 measurements per hour
which restricts the possible spacial resolution on moving deployments. WET Labs also
manufacture the SubChemPak Analyzer for SubChem Systems Inc.. This system is
designed for rapid in-situ measurement of dissolved Nitrogen species, Phosphate, Silicate
and Iron upto 200 m depth. The system draws upto 80 W and is 0.6 m long and 0.12 m
in diameter. Systea produce three in-situ deployable systems; Water in-situ analyzer
(WIZ), Nutrients probe analyzer (NPA Pro.) and Deep-sea Probe Analyzer (DPA Pro.).
These systems are capable of measuring Phosphate and Nitrogen species. The NPA
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housings for deeper deployments. The WIZ uses a smaller detection volume so reduces
physical size while retaining the capability to take 1000 measurements as can the NPA
and DPA. In contrast to the other systems which are wet chemical based, Satlantic Inc.
build the ISUS and SUNA Nitrate sensor systems which measure concentration using a
UV light absorption method. They are able to measure in the range of 500 nM to 2 mM
with an accuracy of  2 M. The systems are capable of deployments upto 100m, are
0.6 m long, approximately 0.1 m in diameter and weigh under 5 kg.
2.1.4 Nutrients of interest
Table 2.1 contains a list of the nutrients for which sensors are in development at CMM.
Reagent details are provided to indicate materials compatibility issues which arise when
building these wet chemical sensors.
Table 2.1: Nutrient species of interest for Wet Chemical Sensors
Nutrient Reagent Operating Sample : Measurement Reference
pH Reagent Wavelength
Nitrite/ Griess pH 1-2 1:1 525 nm Sieben et al. (2010)
Nitrate
Iron Ferrozine pH 5.5 50:1 562 nm Stookey (1970)
Manganese PAN pH 10 16:3 569 nm Chin et al. (1992)
Ammonia OPA + pH 11 2:1:1 375 nm Amornthammarong et al. (2006)
sulphite
Phosphate `yellow method' - - 380 nm Bowden et al. (2002b)
ammonium molybdate
ammonium metavanadate
hydrochloric acid
Phosphate `blue method' - - 715 nm Murphy and Riley (1962)
or 900 nm
As illustrated in Table 2.1 the systems are required to tolerate a wide range of acids and
alkali chemicals. The materials must also be transparent to light from ultraviolet (UV)
to infra red (IR).
2.1.5 Wet Chemical Sensor Operation overview
Wet chemical sensors use simple operations to perform very precise analysis of a sample
(Figure 2.1). The sample is pumped into the system and mixed with a reagent which
reacts with the chemical species of interest. This reaction causes a change in the opticalChapter 2 Background 11
properties of the sample either through the formation of a dye or a change in the uo-
rescent properties. The next stage is optical detection which involves measuring either
the absorption or uorescence of the reacted sample stream. Comparison to the optical
properties of the sample without the reagent, a blank or a standard gives a quantitative
value for the chemical content.
The choice of procedure is dependent upon the specic chemistry of the nutrient, reagent
used and the physical properties of the product. The chemistry of the contents in-
side the detection chamber is varied using a series of pumps and valves. Storage of
the reagents, blanks and standards requires a exible chamber (to allow for volumetric
change) for which CMM utilise ethylene-vinyl-acetate reagent storage bags (Oxford Nu-
trition). Some of the reagents are also toxic so the reagent storage bags can be used to
collect the waste where it cannot be vented to the surrounding environment.
Figure 2.1: System diagram for typical wet chemical sensors used to measure the
quantity of a nutrient in a uid sample
The performance of devices is limited in some way by the uidics of the system. A com-
mon problem is dead volume in the system. These are volumes in the system where uid
ows very slowly or is temporarily trapped. If present in the ow path for the sample
this causes some portion of the previous sample to recirculate or reside in the system long
after it should have been ushed through the system. As these dead volumes diuse into
the uid stream they aect the chemistry of the current sample distorting the time his-
tory (i.e. causing unwanted integration in the measurement). In this way dead volumes
aect the temporal performance of the system directly. As a compensatory measure
the system can be ushed between samples to reduce the eects. Further ushing is re-12 Chapter 2 Background
quired during each of the sample steps as the dead volumes need to be normalised to the
current uid being measured. This creates a delay before each reading can be made. In
turn this increases sample size, time taken to make a measurement and reagent/blank/-
standard consumption and storage requirements. By limiting dead volumes, and total
system volume, these factors can be minimised. The move to microuidic devices for
these systems is therefore an obvious one.
2.2 Microfabrication and microuidics
2.2.1 Miniaturisation:Micro Total Analysis Systems and Lab On Chip
With the advent of micro-fabrication techniques allowing the production of micropro-
cessors in the 1970s, researchers produced microscale mechanical and uidic devices
using similar processes (Esashi et al. (1989)). These MicroElectroMechanical Systems
(MEMS) are used for a variety of tasks, often as sensors built into electronic chips
producing devices such as gyroscopes and accelerometers (Kraft et al. (1998), Xie and
Fedder (2003)).
As well as enabling micro scale mechanical designs, the ability to manipulate uids on
such a small scale through these devices has allowed researchers to produce a Lab On
Chip (LOC) solution to enable the analysis of small volumes of uid. The ideal LOC
device should emulate the functionality of laboratory equipment while in-situ. However
many current generation devices are better described as Chip-In-Lab; the functionality
of the system usually depends on bulky external equipment coupled into the uidic
chip (Weibel et al. (2005), Sieben et al. (2007), Taberham et al. (2008)). Ideally these
systems would be stand alone and any external connections would be only for sample
input, system waste output and a data stream creating a Micro Total Analysis System
(TAS).
Sensor systems for long term remote deployments are ideal candidates for the TAS
philosophy. Low power, simplicity and robustness are key in making these tools available
to scientists around the world in order to improve the knowledge base associated with
ocean nutrients.
2.2.2 Using Microuidics In The Ocean
The ocean is a variable environment and as such systems designed to be operated within
it must be robust. Rapid prototyping techniques for LOC systems are being developed
for robust polymers to minimise development times. The techniques should also allow
ease of commercialisation through current large scale manufacturing methods. TheseChapter 2 Background 13
prototyping techniques are detailed in chapter 3. By designing for mass production the
scientic community is moving towards large scale distribution of devices at low cost.
There are further advantages which emerge with reduction of uid volume within the
system. The primary lower limit of the sample volume is the minimum system detection
volume (dependant upon the detection method chosen to obtain the required sensitivity).
Next is the required sample/reagent ratio. Optimisation of these factors enables the
smallest reagent volume for measurement of each sample, in turn allowing more samples
to be taken for the given reagent storage capacity. More samples can be taken without
human intervention increasing the length of deployments for a given sampling rate,
reducing the cost per sample. Reduction in reagent and sample use per measurement
also reduces the volume of waste produced which is often dominant in space restricted
applications. These considerations are discussed in further detail in chapter 6.
2.2.3 Microuidic Fluid Interactions: Governing equations
2.2.3.1 General Equations
In microuidic systems there are a number of governing equations which indicate how
uid will behave. The Reynolds number (Re) is used to determine whether the ow will
be laminar or turbulent. It is given by equation 2.1 (Reynolds (1883), Douglas et al.
(2001))
Re =
LV

(2.1)
Where  is the density of the uid, V the velocity, L is a characteristic dimension of
the channel and  is the dynamic viscosity of the uid. This dimensionless number is
a measure of the ratio between the inertial forces and the viscous forces in the uid
channel. L is usually dened as the diameter of circular channels but in microuidic
devices, where channels are usually rectangular due to laminar construction, the channel
width is used.
In conventional uid theory, when the Reynolds numbers is below 2300 the ow is dened
as laminar and above 4000 is turbulent. Between 2300 and 4000 the ow may be either,
or a combination of, laminar or turbulent (Douglas et al. (2001)). In microuidics, where
Re<100 the ow is laminar but when 1  Re < 100 inertial forces are still signicant.
When Re  1 viscous forces dominate and the ow is known as `creeping' (Tabeling
(2006)).
Comparing the performance of microuidic devices may require calculation of the pres-
sure drop (P) across a device. Using the Darcy-Weisbach equation it is possible to cal-
culate the pressure drop due to friction though a length of pipe (Douglas et al. (2001)).14 Chapter 2 Background
This can be useful as it gives an indication of the magnitude of the pressure drop when
dealing with complicated designs. The Darcy Weisbach equation is given by equation
2.2.
P = 
L
D
:
V 2
2
(2.2)
Where  is the Darcy friction factor, L the length of pipe, D the diameter,  the density
of the uid and V is the velocity. For laminar ow regimes  is dened as;
 =
64
Re
(2.3)
For turbulent ow regimes Moody diagrams are available which give values for  which
have been measured by experimentation (Douglas et al. (2001)).
2.2.3.2 Diusion and Mixing
When studying microuidic mixers it is useful to know how the ow conditions will
aect mixing. The Peclet number is a dimensionless number which relates the rate of
advection of a ow to its rate of diusion. It is dened by equation 2.4 (Douglas et al.
(2001))
Pe =
LV
D
(2.4)
This equation is valid for cases of mass diusion but not thermal diusion. L is the
characteristic length, V the velocity of the uid and D the mass diusivity. When
the Peclet number is high (>1000) mass transport in the ow is convection dominated.
Lower values indicate that it is diusion dominated.
In microuidic devices the Reynolds number is usually lower than 100 indicating laminar
ow and a diusion dominated regime for mass transport. However, the ow conditions
can be encountered that result in a high Peclet number and that mixing will be driven by
the uid convection. This paradox shows that these equations merely give an indication
of what will be happening in the uid ow and are not denitive. An example of this is
given in Appendix B.1.
A description of the mathematics of diusion is given by Ficks rst law (Fick (1855))
which relates the diusive ux to the concentration eld. In microuidic systems where
the Reynolds number indicates purely laminar ow, it is diusion that allows mixing of
uids. Ficks rst law is given by equation 2.5.Chapter 2 Background 15
J =  Dr (2.5)
In this equation D is the diusion coecient measured in (m2/s) which is a function of
temperature, viscosity and particle size; given by the Einstein-Stokes relation (Einstein
(1905), von Smoluchowski (1906)).  is the substance concentration. The del operator
(r) is used when dealing with two or more dimensions. J is the diusion ux measured
in terms of the amount of substance moved over an area in a given time. For each
dimension considered, J has the dimensions
mol
m2s
(2.6)
As the time taken for uid to move through a chip is related to the channel length,
for a given ux, a long channel will allow full mixing. Dimensional restraints may not
make this possible so other approaches may be preferential. One approach is to increase
the original concentration in order to create more ux; although this will not ensure
full mixing is achieved quickly but rather that the initial concentration change is faster.
The alternative, in order to achieve full mixing, is to increase the area over which the
diusion takes place. For a given volume of uid this shortens the diusive length and
increases the area over which the diusive boundary exists. In simple channel geometries
this may mean splitting the uid into multiple streams or twisting the uid, as discussed
in chapter 6. Using the smallest possible channels also reduces the total diusive length,
one of the benets of microuidics.
In systems which use sequential plugs of uid the work by Taylor (1953) and Aris (1956)
describes how the length of a plug will change as it moves through the system. Even
in systems where the diusion coecient is low, axial diusion can appear high due to
the parabolic ow prole of the uid causing plugs to lengthen. The seminal work by
Taylor (1953) and Aris (1956) gives the dispersion coecient (K) for a circular pipe as:
K = Dm(1 + Pe2) = Dm
"
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
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2#
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
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where Pe is the Peclet number,  is a constant, U is the mean ow velocity and uo is
the peak ow velocity, a is the pipe radius and Dm is the molecular diusion constant.
The constant  = 1/48 (for pipes) is a function of the prole of ow; for piston ow
(electro-osmotic ow),  = 0 and K = Dm (no dispersion, only molecular diusion)
(Aris (1956)). This model was modied for other channel cross-sections (Chatwin and
Sullivan (1982), Dutta and Leighton (2001), Dutta et al. (2006)):16 Chapter 2 Background
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where the constant  is in two parts: the value 1/210 maintains unity with the parallel
plate geometry, and f(d/W) is a function that depends on the exact geometry of the
channel, with d the narrower cross-sectional dimension of the channel and W the greater
of the two. Since dispersion scales with the square of channel dimensions, the dimensions
should be as small as possible, but small channels create large pressure drops in ow
through systems.
For Taylor-Aris dispersion theory to be applicable, the sample residence time in the
channel must be long enough for the diusing molecules to sample all the transverse
streamlines before exiting the system (i.e. the cross-sectional diusion time must be
less than the longitudinal residence time) (Dorfman and Brenner (2001)). The system
parameters must satisfy the following inequality (Ajdari et al. (2006)):
tr  td !
L
U
 
a2
Dm
(2.9)
where tr is the residence time, td is the molecular diusion time in the cross-section, L is
the channel length and  is a numerical prefactor that depends on channel geometry. The
original work of Taylor considered a pipe with radius  and  = 1/96 (Taylor (1953)).
Dutta et al. (2006) determined   1/20 for rectangular channels (a is replaced with
W) and Ajdari et al. (2006) determined  for shallow channels of varying geometries.
The dispersion prole for non-circular channels has been calculated by a number of
authors (Dutta and Leighton (2001), Dutta et al. (2006), Kolev (1995)) and Chatwin and
Sullivan (1982) provided a model for determining dispersivity in rectangular channels.
For rectangular channels, Chatwin and Sullivan (1982) presented the exact solution for
dispersion, below:
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Where a is the channel width, b is the channel height (where a > b), G is the pressure
gradient and Dm is the molecular diusion constant. From this, f(d/W) can be deter-
mined as the ratio of K=Do0 where K is the exact dispersion for a rectangular geometry
and D0 is the dispersion for a parallel plate geometry, shown in Figure 2.2. For other
channel cross-sections see Dutta and Leighton (2001) and Dutta et al. (2006) for f(d/W)
and Bahrami et al. (2006) for pressure drop and velocity proles. Dutta and Leighton
(2001) also present an approximation to simply calculate the f(d/W) for rectangular
channels, plotted in Figure 2.2.
Figure 2.2: Coecients for dierent channel geometries
To determine the nal output plug prole from an arbitrary input plug prole, convolu-
tion of the dispersion impulse response function can be used. The concentration impulse
function (one-dimensional along the axis of ow) is described by Socolofsky and Jirka
(2002) as:
C(z;t) =
M
A
p
4Dt
e
 z2
4Dt (2.11)18 Chapter 2 Background
where t is time, z is the distance with respect to prole length (axially) , M is the
total mass of a mixture, A is the cross sectional area (M/A = 1, unit area) and D is
the diusion coecient (in this case the dispersivity coecient)(Socolofsky and Jirka
(2002)). In chapter 6 this is used to generate theoretical output proles by performing
convolution on the input pulse as:
Output(z;t) = Input(z)  C(z;t) (2.12)Chapter 3
Manufacturing Robust
Microuidic devices
This chapter is based upon the published manuscript in Appendix A.1. Figure 3.3 and
Figure 3.5 were produced by Dr. Vincent Sieben for the manuscript and Figure 3.4
is based upon pictures provided by Robert Zmijan. They are included in this chapter
thanks to the permission of these colleagues.
3.1 Introduction to microuidic device manufacture
3.1.1 Material requirements for oceanographic sensor chip
The intention of this work is to produce a robust LOC solution for long term remote
oceanographic chemical monitoring. Materials choices should allow production of the de-
vices as cheaply and easily as possible. In order that these devices become commonplace
and a large scope of data can be obtained they must be aordable.
Materials used in the microuidic chip must be able to withstand chemicals with a wide
range of pH values (Table 2.1). The reagents used to detect the species of interest range
from acidic to alkaline. Ideally the chips will also be able to cope with a variety of
solvents as these may be used for diluting solutions or cleaning purposes. The porosity
of the substrates will be of interest in this area as swelling and uptake of sample are
likely to degrade performance regarding detection limits. Consequently non-porous and
non-swelling material combinations will be required for optimal performance.
Finally the materials choice must allow for mass production of robust devices. If these
are to become widespread in use then time consuming processes which require expensive
equipment and materials will increase price and reduce the likelihood of adoption. The
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devices must be robust to withstand the environmental conditions to which they will be
subjected as well as general handling and delivery.
This chapter concentrates on the production of a robust, rigid, optically transparent,
microuidic platform which allows the integration of external components and microu-
idic channels. The further integration of membranes onto this platform is described in
chapter 5.
3.1.2 Materials and manufacturing techniques
3.1.2.1 Historical manufacturing technologies
Traditionally microuidic devices have grown up alongside microprocessor research and
as such early devices were created using Silicon technology as the processes for man-
ufacture were well dened (Esashi et al. (1989)). Simple channels and complex pump
designs were developed (Esashi et al. (1989), Gerlach et al. (1995)). However Silicon
is not ideal for rapid prototyping of devices as it is expensive to process small batch
sizes (Zengerle et al. (1995)). It is also a fragile material so handling of devices must
be performed carefully adding time to the manufacturing processes. The requirement
for a clean room for anodic bonding of silicon (and glass) substrates quickly led to the
development of other technologies.
Silicon continued to be used as a substrate but a liquid polymer layer was spun on top
from which channels could be made. SU8 epoxy resins are often used as they can be easily
exposed to UV light to cure them and developed using solvents (Lorenz et al. (1997)).
These can be used to produce high aspect ratio features (e.g. >10:1 (MicroChem Corp.))
with good optical transmittance (absorbance <1.5 for 500 m thick lm for wavelengths
above 400 nm (MicroChem Corp.)) and mechanical properties (Youngs Modulus =
2 GPa, Yield stress = 60 MPa (MicroChem Corp.)). These operations usually require a
mask to ensure correct UV exposure. Features can be produced as small as 30 nm with
a mask produced by vapour deposition and ion beam milling of metal patterned onto a
glass substrate (Prober et al. (1980)). High resolution inkjet printing on acetate can be
used for less accurate requirements where features are 20m (Duy et al. (1998)). For
constantly changing designs it has been shown that an LCD display can be used as a mask
if projection techniques are to be used, reducing cost and shortening development time
(Itoga et al. (2008)). Other techniques that do not require a physical mask are reviewed
in section 3.1.2.2. Where strength and toughness is required, metals can be used as a
substrate as an alternative to silicon or even metal layers sputtered onto a silicon base
(Svasek et al. (2004)). The adhesion of SU8 to both metal and silicon allows electrodes
to be manufactured inside channels and adhesion to partially cured SU8 provides an
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some advantages over SU8, such as 1002F which has reduced uorescence. However,
SU8 epoxies remain very popular (Pai et al. (2007)).
Lamination of a glass substrate and an Epoxy lm allowed the development of a pho-
tolithographic process not dissimilar to those used with Silicon with the capability of
bonding using just an oven. The laminate often used is Ordyl SY300/500 series (Elga
Europe) which has good chemical resistance and is easy to work with (Vulto et al. (2005),
Taberham (2008)). Other laminates have also been used such as AZ 4620 photoresist
(Elga Europe) (Chen et al. (2007)). By utilising these materials simple devices can be
realised in a semi-clean room environment and the development cost of devices is re-
duced. There are some diculties present though. Designs cannot simply be transferred
from Silicon to this new process due to the material limitations. Valves and pumps that
previously used the etching of Silicon to produce thin sti aps and membranes cannot
be transferred directly as the epoxy is not as robust as the silicon crystal substrate,
limiting extreme changes in geometry at the required scales.
When softer lithography is needed to produce exible structures the use of polydimethyl-
siloxane (PDMS) is widespread. Once again a photolithographic process is used but this
time it is to produce a master from which the PDMS can be cast. Once cast the PDMS
can be adhered to glass or similar substrates using oxygen plasma treatments, form-
ing an optically clear channel through which uid can be passed (Duy et al. (1998)).
Pumps and valves can be realised simply by creating a series of chambers which can be
contracted and expanded, as discussed in later chapters. Flap valves made from PDMS
provide good sealing of channels and it can also be used as a hinge and support for on
chip structures (Loverich et al. (2006), Nguyen et al. (2008)).
3.1.2.2 Current manufacturing technologies
A number of groups are developing inexpensive microuidic fabrication methods for
polymer substrates that reduce dependence on a clean room. Techniques include hot
embossing (Becker and Heim (2000), Kricka et al. (2002), Studer et al. (2002), Steigert
et al. (2007), Becker and G artner (2000), Qi et al. (2002)), casting and injection mould-
ing (Eenhauser et al. (1997)), direct write processes such as wax printer prototyp-
ing (Kaigala et al. (2007)) and stereolithography (Tse et al. (2003)), powder blasting,
laser and mechanical micromachining (Friedrich and Vasile (1996), Heng et al. (2006),
Bundgaard et al. (2004)), and dry lm laminating (Vulto et al. (2005)). Techniques such
as hot embossing, casting and injection moulding produce high quality devices with op-
tical quality surfaces. However, these methods require masters (often made from SU8 or
Si/Ni) that are fabricated in clean rooms. Injection moulding requires a precision metal
master, which is expensive and unsuited to rapid-prototyping (Steigert et al. (2007)).
Novel materials such as polystyrene (Shrinkydinks) have also been used to create mi-
crouidic chips (Grimes et al. (2008)) although with poor dimensional accuracy caused22 Chapter 3 Manufacturing Robust Micro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by shrinking of the substrates. Wax printing produces a poor surface nish and low
aspect ratio devices (Kaigala et al. (2007)). Stereolithography has been used to produce
microuidic devices and microsensor packages (Tse et al. (2003)), where structures are
created by curing a liquid resin with a laser; but surface roughness is often on the micron
scale. Therefore, many of the current rapid prototyping techniques show promise for low-
cost realisation of microuidic designs, but they often compromise optical quality, are
not cost-eective or retain some dependence on clean room facilities.
When building colourimetric nutrient sensors the optical clarity and stability of the
substrate is important. The substrate must be transparent over a wide range of wave-
lengths (Table 2.1) and must not degrade signicantly over time. An example of an
unsuitable polymer is Polycarbonate which, although optically clear when fresh from
the manufacturer, turns yellow after long term exposure to UV light (Ogonczyk et al.
(2010)). Consequently PMMA and cyclic olen copolymer (COC) were chosen for this
work and are frequently used in microuidic applications. They are low-cost and bio-
compatible thermopolymers with good optical properties transparent to light from UV
to IR (Evonik R ohm Gmbh, TOPAS Advanced Polymers GmbH). PMMA and COC
are also chemically robust and do not dissolve easily in organic solvents unlike other
transparent plastics such as polystyrene.
Features are often created in these polymers by hot-embossing (Becker and Heim (2000),
Kricka et al. (2002), Studer et al. (2002), Steigert et al. (2007), Becker and G artner
(2000), Qi et al. (2002)) and injection moulding and yield high-quality surfaces, where
the roughness can be of the order of 10 nm (Bundgaard et al. (2006)). Alternatively,
micromilling is a relatively simple technique which is widely used to manufacture PCBs
and can produce channel features down to 50 m, sucient for most microuidic appli-
cations (Friedrich and Vasile (1996), Bundgaard et al. (2004), Yan et al. (2009)). The
design to chip cycle is fast, typically a few hours, and the method has low running cost
( $25/hr). As with most milling methods, it is able to produce 3D structures (often
dicult with optical lithography techniques (Bertsch et al. (1999))), and a wide range
of materials can be processed including most polymers and even stainless steel (Becker
and G artner (2000)). Despite these advantages over typical microfabrication techniques,
the surface roughness obtained by micromilling is generally quite poor (Steigert et al.
(2007)) (hundreds of nanometres (Lee and Dornfeld (2004))) and is nowhere near optical
grade, i.e. <10 nm (Kuo Yung et al. (2008)).
To improve the surface quality, a number of post-processing methods have been devel-
oped, including thermal cycling (Lian and Ling (2002)) and surface coating; both solid
(static) (Tsao et al. (2007), Nakajima et al. (2001), Noh et al. (2004)) and liquid phase
(dynamic) (Belder and Ludwig (2003)). Thermal cycling can be used to lower the sur-
face roughness of PMMA; for example, heating the material from room temperature to
60 C for 30 minutes (below the glass transition temperature) and cooling again reduces
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coatings (Tsao et al. (2007), Nakajima et al. (2001), Noh et al. (2004)) rely on complex
protocols for coating channel walls, whilst liquid coatings (Belder and Ludwig (2003))
can be expensive or dicult to implement. Interestingly, exposure to a solvent vapour
has been shown to modify the surface roughness of PMMA-PGMA copolymers by caus-
ing migration of the polymer chains separating each copolymer species (Prokhorova et al.
(2003)). This eect reversed when the solvent migrated out of the surface and has only
been shown with this specic co-polymer species. The smoothing is also only observed
on already relatively smooth surfaces where the roughness changes from >70 nm to
<10 nm. Surface smoothing techniques may also enable production of micro-systems in-
cluding high-quality integrated optical elements (the vast majority) manufactured using
technologies such as laser ablation; post ablation surface roughness >100 nm (Huang
et al. (2010)). Currently the application of such treatments to microuidics is still in its
infancy .
After features have been created, various techniques are used to seal a lid onto the
processed substrate to close the microchannels (Becker and G artner (2000)). Thermal
bonding is typically used (Tsao and DeVoe (2009), Martynova et al. (1997)), but this
produces a weak bond (<1 MPa). Surface treatment or adhesive may used (Sung et al.
(2001), Lei et al. (2004), Chen et al. (2004)) to improve the bond strength; for example,
dissimilar polymer layers can be used for bonding with microwave welding (Yussuf et al.
(2005)), but such methods add extra processing steps and complexity. Solvent bond-
ing provides an alternative method of sealing devices, giving high bond strengths and
monolithic devices (ideal for chemical and biological compatibility).
Table 3.1: A summary of previous work utilising solvent bonding methods with
PMMA
Author Solvent Exposure Bonding Bond Strength
Method Parameters
Shah 2006 Acetone 80 l injected 1.1 MPa, 5 min 0.55 MPa (80 psi)
through channel
Klank 2002 Ethanol 10 min soak 90 min, 85 C  
Hsu 2007 Isopropanol Dipped 24.5 kPa, 6 min, 80 C 24 MPa (lap shear)
Sun 2007 Dimethyl sulfoxide 300 l droplets 10 min  
Brown 2006 47.5% dimethyl Droplets applied 3 kN, 30 min, 85 C 5.5 MPa
sulfoxide, 47.5% to surface
water, 5% methanol
Ng 2008 isopropanol Soaked 155 kPa, 10 min, 70 C 2.9 MPa (lap shear)
Lin 2007 20% ethylene Droplets applied 100 kPa, 5 min, 20 C 3.8 MPa
dichloride, 80% to surface
ethanol
Griebel 2004 isopentylacetate Stamped `tightly pressed' -
for 10 min
Kelly 2005 acetonitrile 400 l droplets 14 kPa, 2 min 15.5 MPa (2250 psi)
Koesdjojo 2008 1-1-dichloroethane 300 l droplets 21 kPa, 2 min 13.8 MPa (2000 psi)
In solvent bonding a thin (2 m (Wallow et al. (2007))) surface layer is softened
by exposure to solvent. Two halves are brought into contact and when the solvent
evaporates the substrates are bonded. Application of a solvent in a controlled manner
is key to producing a uniform and strong bond, and to ensure that no channel collapse
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Table 3.2: A summary of previous work utilising solvent bonding methods with COC
Author Solvent Exposure Bonding Bond Strength
Method Parameters
Wallow 2007 ethanol/decalin 15 min at 21 C 1.2 MPa, 35 min, 60 C 13.1 MPa (1900 psi)
Ro 2006 methylcyclohexane 3 min (vapour) 690 kPa, 10 min, 70 C -
Mair 2007 cyclohexane 90 s (vapour) 178 kPa, 3 min, followed 34.6 MPa
by UV exposure
Chen 2008 cyclohexane 90 s (vapour) - 9.3 MPa (1350 psi)
Liu 2007 methylcyclohexane 1 min (vapour) 1.4 MPa, 10 min, 40 C -
through capillary action (Shah et al. (2006)), soaked into the surface (Koesdjojo et al.
(2008), Hsu and Chen (2007), Klank et al. (2002), Koesdjojo et al. (2009), Sun et al.
(2007), Kelly et al. (2005), Griebel et al. (2004), Brown et al. (2006), Ng et al. (2008)) or
applied through a vapour (Mair et al. (2007), Sauer-Budge et al. (2009), Ro et al. (2006),
Liu et al. (2007)); the optimum process depends upon the actual polymer and solvent
type. Channel collapse is a frequent problem (Koesdjojo et al. (2008), Lin et al. (2007)),
but can be avoided in a number of ways including lling channels with ice (Koesdjojo
et al. (2008)) or optimisation of solvent exposure time (Koesdjojo et al. (2009), Lin
et al. (2007)). Channel collapse can be caused by overexposure to solvent, excessive
heat during bonding, overpressure or non-uniformities in the applied pressure (Hsu and
Chen (2007), Koesdjojo et al. (2009). The bond strength is improved with solvents
which are less polar, or elevated temperature and pressure during bonding (Hsu and
Chen (2007)). A summary of published solvent bonding techniques are shown in Tables
3.1 and 3.2.
3.1.3 Comparing microuidic polymer substrates
Table 3.3: Comparison of COC and PMMA polymers
Property COC PMMA Notes
Cost  $ 11 K /m3  $ 3.5 K /m3 based on purchase price
Colours available 1 > 10 -
Water Absorption < 0.01 % 2 % by mass after 24 hrs
Optical Transmittance 91 % (>350 nm) 92 % (>450 nm) for transparent PMMA
Tensile Strength 46-63 MPa 72 MPa -
Glass Transition Temp 75-170C 103C -
The data in table 3.3 is based on literature from TOPAS Advanced Polymers GmbH
and Evonik R ohm Gmbh (Plexiglas XT). This brief overview highlights the similarities
in the mechanical properties of COC and PMMA materials. COC is relatively more
expensive but is available in a variety of dierent grades with variable glass transition
temperature and tensile strength. PMMA however is a popular commercial product
which keeps the price lower and means multiple material colours are available. For
systems where water absorption is of particular concern the very low absorption of COC
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3.2 Materials and Methods
3.2.1 Solvent vapour bonding and surface reduction technique
3.2.1.1 Preparation of substrates
PMMA sheets (thicknesses from 1.5 mm to 8 mm) obtained from Evonik R ohm Gmbh,
and cyclic-olen copolymer (COC) wafers (0.7 mm and 1.2 mm) from TOPAS Advanced
Polymers GmbH (Grade 5013) were used to optimise the solvent vapour technique.
Channels were fabricated by micromilling with an LPKF Protomat S100 micro-mill
which was used to mill channels and cut out the substrates. Ports/threads for MINSTAC
microuidic connectors (The Lee Company USA) were also machined into the plastics
prior to bonding. The design was created using Circuitcam software (LPKF Laser
& Electronics AG), which calculates tool paths. This data was then imported into
BoardMaster software (LPKF Laser & Electronics AG) which controls the micromill.
The two halves were aligned using a custom made jig (Figure B.4 in Appendix B.3.5)
prior to solvent bonding. Both structures were pushed into a corner and pressed together
to secure them (Figure 3.1). This provided an alignment accuracy of typically 20m,
discussed in Appendix B.3.5.
Figure 3.1: A. method for smoothing and bonding polymer substrates using solvent
vapour, B. an example of a chip produced in PMMA
3.2.1.2 Solvent bonding method
Prior to solvent exposure the substrates need to be thoroughly cleaned with detergent,
then rinsed in DI water in an ultrasonic bath. Substrates were subsequently rinsed
in isopropanol followed by ethanol, and dried with nitrogen to ensure cleanliness and
consequently uniform application of solvent vapour. Solvent vapour exposure was per-
formed by suspending the substrates above a bath of solvent in a 100 mm diameter glass
petri dish with lid. Four glass stand-os 6 mm high were placed in the petri dish and
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within 2 mm of the top of the standos. If glass stand os are not available these can
be substituted with stainless steel M10 nuts which does not appear to have any negative
eect on the process.
Although chloroform and cyclohexane were used in this study based on availability,
presumably other solvents described in reference (Hansen and Just (2001)) with similar
Hildebrand total solubility parameters would suce after optimisation. The substrates
are placed on top of the stand os and the lid placed over the whole assembly. The
temperature of the assembly is controlled to 25 C using a water bath which is essential
if a number of devices are to be bonded in a batch process. If the temperature is not
controlled the evaporation of the solvent causes cooling of the assembly reducing the
density of the vapour atmosphere producing ineective bonding. After 4 minutes of
exposure the substrates are carefully removed. The parts are then aligned using a jig
(such as Figure B.4 in Appendix B.3.5) and pressed together by hand to partially bond
the substrates. They are then transferred to a hot press (LPKF Multipress) pre-heated
to 65 C where a pressure of 140 N/cm2 is applied for 20 min. The press is then actively
cooled to room temperature over 10 min. The chips are removed from the press and left
to settle for 12 hours, improving bond strength by allowing excess solvent to migrate
out of the substrates.
PMMA substrates are exposed to chloroform and COC to cyclohexane. This entire
process is shown schematically in (Figure 3.1), together with a photograph of a nished
microuidic chip manufactured in PMMA.
After micromilling and solvent exposure, the micro-channels were examined using an
Atomic Force Microscope and Scanning Electron Microscopy. The bond strength was
characterised with an ASTM D1876 T-Peel test (ASTM (2008)) using an Instron 5569
tensile testing machine (Instron).
3.2.1.3 Surface roughness reduction method
If surface roughness reduction is required without bonding of substrates then the process
is similar. Again the the substrates need to be thoroughly cleaned with detergent, then
rinsed in DI water, isopropanol and ethanol before being dried with nitrogen. Solvent
vapour exposure is performed as described in 3.2.1.2. After 4 minutes of exposure the
substrates are carefully removed. The substrates are then left to settle for 12 hours
allowing the solvent to migrate out of the surfaces. The substrates should be placed in
a sealed chamber to ensure the surfaces remain clean.Chapter 3 Manufacturing Robust Micro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3.3 Results and Discussion
3.3.1 Surface roughness measurements
Figure 3.2 shows an SEM of a microchannel milled in PMMA and COC immediately
after machining, showing the typical quality obtained with a micro-mill. After milling
the typical surface roughness was 100-200 nm Rt measured using AFM across the oor of
the channel (Figure 3.3). Following vapour exposure the surface roughness was reduced
substantially to typically less than 15 nm, close to the quality of the virgin wafers
(<5 nm). When only a temperature cycle was performed (i.e. milling then a heat cycle
with no solvent exposure), the surface roughness was reduced from 100-200 nm to 70 nm,
suggesting that the smoothing was predominantly from exposure to the solvent vapour.
Figure 3.2 (B and D) show SEMs of the treated surfaces and the AFM surface roughness
data is summarised in Figure 3.3. The reduction in surface roughness is signicant and
returns the material surface close to the virgin quality. This simple solvent exposure
technique is applicable to a range of dierent manufacturing methods such as laser
ablation (Friedrich and Vasile (1996)).
Figure 3.2: SEM images of microchannel (200 m depth was achieved with two 100 m
cuts) demonstrating the smoothing eect of exposure to a solvent vapour;(A)PMMA
post-milling;(B)PMMA after 4 min. chloroform solvent vapour and 30 min, 60 C
heat cycle; (C)COC post-milling (D)COC after 4 min. cyclohexane solvent vapour and
30 min, 60 C heat cycle
Vapour exposure of the surface is much easier to control than exposure to a liquid
solvent, particularly where the surface is topographically diverse (Wallow et al. (2007)).28 Chapter 3 Manufacturing Robust Micro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Figure 3.3: AFM scans for PMMA:(A) factory surface nish;(B) base of the milled
channel;(C) base of the milled channel after 4 min chloroform solvent vapour exposure
and 30 min, 60 C heat cycle. Graph units are in microns.
The controlled delivery and uptake of solvent to the surface is achieved by exposure to
a saturated vapour atmosphere. The thin solvent-saturated surface layer causes re-ow
of the polymer and thereby smoothes out rough features; it also creates a gradient in
the polymer viscosity in a shallow region at the surface. This prole enables mixing
of the two polymer layers during bonding under pressure and temperature. Lin et al.
(2007) characterised the impact of solvent treatment on surface roughness after bonding
PMMA by exposure to a liquid solvent. The surface roughness of an embossed channel
increased from 13.4 nm to 18 nm after coating the surface in solvent (20 % (by weight)
1,2-dichloroethane and 80 % ethanol) (Lin et al. (2007)). This liquid exposure method
increased the surface roughness; whereas, the vapour exposure method presented here
reduces the roughness on all the surfaces in the chip.
To further evaluate the surface smoothing eect, a planar cylindrical micro-lens (radius
of 150 m) was micro-milled, which collimates light across a microchannel. Figure 3.4
shows the chip implementation of the lens in PMMA. The light was launched into the
microchip via a Thorlabs Ltd. (2010) HPSC 10 bre (10 m core, 0.11 N.A. silica bre)
coupled with a laser diode; 635 nm, 7 mW bre output power (LDCU 12/9145, Power
Technology Inc. (2010)). The channel dimensions were 250 m deep by 250 m wide.
In order to raytrace the light, the channel was lled with DI water and 200 nm silica
particles (PSi-0.2, G.Kisker) at a concentration of 0.5 mg ml 1 (100 fold dilution). Fig-
ure 3.4(A) shows the microchip after micro-milling and before solvent vapour treatment;
the lens is ineective as shown by the degree of light scattering at the interfaces and the
degradation of the beam prole across the channel. Figure 3.4(B) shows the improve-
ment of the lens performance after the solvent vapour treatment. Both Figure 3.4(A)
and (B) were acquired with identical camera exposure times and settings.
3.3.2 Bond strength measurement
A major problem with solvent bonding techniques is channel collapse, e.g. Qi et al.
(2002). The exposure time for solvent bonding was optimised and 4 minutes was found
to be best; shorter exposures led to bond failure and non-uniformity over larger areasChapter 3 Manufacturing Robust Micro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Figure 3.4: A planar cylindrical lens (radius of 150 m) micro-milled in PMMA colli-
mates light across a channel (A) The improvement in the lens performance after solvent
vapour treatment. (B) For comparison this picture shows the chip after micromilling
and before solvent vapour treatment; the lens is ineective as shown by the degree
of light scattering at the interfaces and the poor quality of the light beam across the
channel
(most noticeable with exposure times less than 220 seconds), while longer exposures
caused channel collapse (in excess of 255 seconds). The optimum bond pressure was also
determined experimentally; higher pressures (greater than 180 N/cm2) led to channel
deformation and eventual collapse. Figure 3.5 shows an example of the channel cross-
section for a PMMA bonded chip. The channels are the same dimensions as in Figure 3.2,
250 m wide and 200 m deep. The nal bonded structure shows little deformation and
the bonded region is not visible to the naked eye; it is only visible when samples are
broken and the cross section viewed under a microscope. The fractures that appear in
this image are not from the bond, but from the process used to cross-section the wafer.
The small lips on the inside corners of the channels on the right hand side occur because
of small shifts in one half relative to the other during the bonding process. Channels
that were assembled without use of the LPKF press did not show this deformation. The
deformation also manifests as a misalignment if alignment pins are removed prior to
placement of the substrates into the press. This is not observed with substrates bonded
using clamps which retain their alignment if the pins are removed after the pre-pressing
stage.
The bond strength was measured from the peak peel force required for delamination.
Figure 3.6 shows a summary of the force as a function of time of exposure to solvent
(at 140 N/cm2) and pressure (for 4 minutes exposure) during bonding. For PMMA,30 Chapter 3 Manufacturing Robust Microuidic devices
Figure 3.5: SEM image of microchannel cross section showing the smooth nish on
the nal channel walls and square cross section.
the data shows that the bond pressure has little inuence on the bond strength; devices
could be assembled by hand and cured in an oven. However, this method leaves some
regions unbonded because residual stress in the material causes deformation in the plastic
during the heating and cooling cycles. Therefore, some small pressure (greater than
100 N/cm2) is recommended for optimum bond uniformity. Length of exposure to
solvent has a large eect; doubling the exposure time doubles the bond strength. The
reliability of this process is in excess of 95 %1even on larger designs where uniform
bonds, without any inclusions, have been achieved on chip sizes that range from 15 mm
by 70 mm to 80 mm by 100 mm.
For Topas 5013 COC the picture is rather dierent; reproducibility is such that only
half of all samples bond well. The reasons for this are not clear, but may be due to
variations in the quality of the Topas 5013 COC wafers or migration of the separate
polymer species during solvent exposure, as discussed in Prokhorova et al. (2003) for
PGMA-PMMA copolymers. This would produce substrates with surfaces of varying
polymer composition. The data shown in Figure 3.6 is only for devices that had bonded.
Variation of the solvent exposure time causes similar eects in COC to those observed in
PMMA, but there is a clear advantage in using higher bond pressures. The data shows
1This gure is a conservative estimate based upon the feedback given by the group at CMM. The
group has used this technique almost daily since mid 2009 and have bonded in excess of two hundred
microuidic chips, jigs and assemblies. Prior to late 2009 (when the cleaning process was rened to that
included here) there were a number of failures, but none have been reported since then. An example
of this was during a testing period in August 2010 where this author bonded 8 batches of 12 devices in
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Figure 3.6: Eect of the exposure time on the peak peel force (A)PMMA; (B)COC;
eect of bonding pressure on the peak peel force (C)PMMA; (D)COC
that a high pressure produces a stronger bond, but for the 250 m channels used in this
work, the optimum pressure without channel distortion was found to be 140 N/cm2. In
all cases the bond temperature must be set well below the glass transition temperature
of the material to minimise the possibility of channel deformation, for example the Tg
of PMMA is 115 C (Becker and G artner (2000), Evonik R ohm Gmbh), and the bond
temperature was set to 65 C. Bonding of other grades of COC was attempted and
it was found that the exposure time for lower Tg grades was considerably lower (for
Topas 8007, Tg = 78 C, the optimal vapour exposure was 35 seconds) and exposure
time was higher for grades with higher Tg (for Topas 6015, Tg = 158 C, the optimal
vapour exposure was 5.5 min., Tg data is available from the TOPAS datasheets). It
was dicult to obtain reliable bonds with the lower Tg grades as they are easily over
exposed causing channel collapse, whilst the higher grades showed lower reproducibility
of bond strengths.
In general, the mechanism responsible for the strong bonding is not well understood;
however, in Ng et al. (2008) a simple mechanistic process is described. They postu-
lated that the bond strength depends on the degree of polymer chain entanglement
and the thickness of the diuse interface. Solvent bonding creates a longer interaction
length than thermal bonding (Ng et al. (2008)). They also attempted to link solubility
to solvent strength and temperature without reaching any conclusions. The material
production method may modify the uptake of solvent vapour, possibly due to di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cross-linking densities in the material, altering the total cohesive energy of the van der
Waals forces. For example, extruded PMMA polymer had an optimum exposure time
of 1.5 min, but cast PMMA required 4 min exposure. Each polymer/solvent combina-
tion requires optimisation of exposure times to minimise channel collapse and maximise
surface smoothing and bond strength.
3.3.3 Lap shear testing
The bond strength of PMMA and COC samples was also tested using lap shear testing.
This test involves bonding two substrates such that a portion of the substrate over laps
the other. Clamps were applied to the unbonded substrate ends allowing them to be
pulled apart. The samples tested were 1.5 mm thick, 30 mm wide and 70 mm long (per
substrate). They were bonded such that the overlapping region was 10 mm ( 0.5 mm)
as this was the minimum that could be bonded within a useful tolerance (0.5 mm provides
a 5 % error). Unfortunately this did not allow failure of the substrates in shear; instead
they failed in tension across the 1.5 mm thick sections with cracks propagating from the
edges. It is likely the failures started at saw marks along the edges. Without further
investigation it is not possible to quantify the ultimate bond shear strength but it is
possible to say it is in excess of 160 kPa. This estimated value is at least an order of
magnitude smaller than those shown in tables 3.1 and 3.2 but the actual bond strength
may prove comparable with further investigation.
3.4 Conclusions
This chapter demonstrates a rapid procedure for the manufacture of optical quality mi-
crouidic devices in PMMA and COC. The channels were fabricated using micromilling
using a 250 m diameter milling cutter (20,000 rpm, 5 mm s 1). It has been shown
that exposure of the polymers to an appropriate solvent vapour (chloroform for PMMA,
cyclohexane for COC) leads to signicant reduction in surface roughness. The reow
of polymer when exposed to solvent vapour reduces the surface roughness from 200 nm
to 15 nm. This reduction in roughness is comparable to that shown by Prokhorova
et al. (2003) for PMMA-PGMA copolymer species but diers in that the eect is ir-
reversible and uses PMMA and COC substrates. The technique given in this chapter
is also simple to implement as it uses a vapour chamber constructed from a Petri dish
rather than the pumped liquid cell used by Prokhorova et al. (2003). This novel surface
treatment methodology may complement other rapid fabrication techniques for low-cost
and high-quality microuidic prototyping.
This method of bonding is independent of the manufacturing technique used to produce
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micromilled chips. The advantage with utilising this technique for micromilled chips is
the reduction in surface roughness which is due to the softening of the surface by the
solvent vapour allowing the polymer to reow. During solvent vapour exposure this eect
can be observed as the post exposed surface visually appears to lose any roughness due
to the micromilling, becoming once again transparent. This work was published in the
Journal of Micromechanics and Microengineering (the published manuscript is included
in Appendix A.1) and has since been adopted by four research groups known to this
author.
Other bonding related observations made during this work are featured in Appendix
B.7.
In the next chapter the design of an optical absorption cell is discussed. The chosen
design can be integrated into devices manufactured with the methods detailed in this
chapter.Chapter 4
Integration of Absorbance Flow
Cell
This chapter provides a discussion of possible methods to integrate optical ow cells
into polymeric microuidic devices and how this was rened into a practical technique.
Working alongside Dr. Cedric Floquet the method described has been developed. While
this author cannot claim full credit for the invention the development of the idea occurred
during a brain storming session with Dr. Floquet and we agree there is a shared owner-
ship. This discussion provided much of the following content and so here Dr. Floquet's
contribution is acknowledged. These concepts were also used alongside contributions
from colleagues at CMM to produce a manuscript published as a short communication
in the journal Talanta. The published manuscript is included in Appendix A.2.
4.1 Introduction to absorbance ow cells
As the main focus of this work is on the manufacture of devices rather than charac-
terisation and performance the following review is kept brief. A methodology for mea-
suring very low open ocean concentrations of nutrients is required for implementation
on microuidic devices used in wet chemical sensors. Although methods measuring the
uorescence of a sample can be used, here absorbance methods are discussed as these
are widely used for measuring the nutrients of concern.
4.1.1 Absorbance ow cells in literature
Colourimetric assays for determination of Nitrate / Nitrite (Griess (1879)), Phosphate
(Atkins (1923)), Iron (Stookey (1970)) and Manganese (Chin et al. (1992)) are clearly
dened in literature and have been used for a long time due to their ability to measure
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a wide concentration range making them ideal for very low nutrient open ocean samples
(Patey et al. (2008)). These methods have been used in both laboratories (Grassho
et al. (1999)) as well as on ship (Armstrong et al. (1967)), and more recently as in-situ
systems (Hanson (2000), Thouron et al. (2003), Adornato et al. (2005), Sieben et al.
(2010)).
The uidic and optical sub-systems in colourimetric analytical systems are both impor-
tant in determining the system performance. Fluid is owed through a xed length
optical cell, the length of which gives the absorbance length determining the concen-
tration range over which useful measurements can be made. The idealised relationship
between the measured optical power, absorbance and chemical concentration is described
by the Bouguer-Beer-Lambert law (Bouguer (1729), Lambert (1760), Beer (1852)). A
brief explanation of the mathematics of this law are given in Appendix B.5.
A number of dierent approaches to integration and miniaturisation of microuidic ab-
sorption cells exist, many use thin and transparent materials to manufacture microchan-
nel absorption cells (Hunt and Wilkinson (2008)). This approach is problematic because
whilst these designs allow for low dead volumes in their opto-uidic integration, the cells
absorption length is typically short and stray light degrades performance. Masking of
excitation source and detector in areas of the system where transmission of light is
undesirable (i.e. using absorbing paints and opaque covers) can reduce these eects.
However this approach does not necessarily reduce background environmental noise (al-
though negligible in deployed under water systems) and also adds to the manufacturing
cost of each device. Kuswandi et al. (2007) and Hunt and Wilkinson (2008) recently
reviewed opto-uidic integration highlighting recent advances, including absorption cell
design.
The use of optical bres for launching and collecting light can aid the rejection of stray
light as the bre can be positioned close to U-shaped (e.g. Liang et al. (1996)) or Z
shaped channels (e.g Greenway et al. (1999)). It can be dicult to align the bre and
the opto-uidic path to fully exclude stray light and optical power loss is present in
coupling between bres, sources and detectors. Coupling of out of plane sources and
detectors to 10 mm long absorption cells using total internal reection at an air interface
in polymeric devices (Grumann et al. (2006)) can simplify this problem but stray light
reduction still relies on collimation of the laser source used. For consideration in ocean
going sensors air interfaces are not suitable as support structures will be required when
systems are required to go to high ambient pressures at deep depths.
Lenses have been used to increase coupling eciencies and can reduce stray light, but
require fabrication of small highly accurate features and relatively short (500 m) chan-
nels (Ro et al. (2005)). The manufacture of lenses is possible as shown in Figure 3.4 but
again the use of optical bres for robust systems is not ideal. Short path lengths are also
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lengths in macro systems are greater than 10 mm.
The use of liquid core waveguides (LCWs) enables both long path lengths and stray light
rejection (Datta et al. (2003), Du et al. (2005), Duggan et al. (2003), Manor et al. (2003)).
However LCWs require complex fabrication making integration into microuidic chips
dicult. Designs frequently rely on internal Teon AF coatings that have poor long
term performance which can be overcome with glass liners but this also adds further
manufacturing complexity. Even with a glass coating surface changes (such as biofouling
or microbubbles) have a large eect on the transmitted light as the guiding of the light
in the waveguide results in multiple crossings of the uid liner interface.
For a truly robust system ideally the substrate used to create the microuidic chip is
used for the opto-uidic cell and with this in mind substrates doped with wavelength se-
lective absorbent dyes (that enable spectral ltering) have been demonstrated in PDMS
(Hofmann et al. (2006), Bliss et al. (2008), Hunt and Wilkinson (2008)). These have
been used for optical ltering in uorescence based systems but not used for colourimet-
ric assays and the control of stray light. Furthermore PDMS is not an ideal material for
long term use in wet chemical sensors (as discussed previously).
4.2 Materials and Methods
4.2.1 Discussion on ow cell integration
As discussed previously, detection of nutrients in seawater samples can be obtained
by colourimetric assays: reacting the sample with a reagent to develop a dye. The
intensity of the developed dye is proportional to the concentration of the reagent and
sample according to the work of Beer (1852). In this example the dye concentration
is directly proportional to the sample nutrient concentration. An absorbance method
has been chosen for a number of reactions listed in table 2.1. Integration of these
optical absorbance cells onto the microuidic platform allows size reduction and so is of
importance in this eld.
The best solution developed to the problem of stray light is the use of tinted substrates,
where the tint produces a high optical density within the monochromatic wavelength
of the system. This technique is detailed below. However, it is also useful to highlight
other options that we have investigated and these are discussed here.
First attempts to integrate a ow cell into a PMMA/SU8 based microuidic chip are
shown in Figure B.1 where optical bres are used to deliver and collect the light. This
enabled rejection of some stray light by locating the small collection area very close
to the ow cell. However, bres are dicult to align to the source and detector and
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changing pressure and temperature). This method is also very susceptible to signal
interference from ambient light and in order to maintain a stable signal the system had
to be placed in an opaque container. Light was also coupled from the source directly
into the collection area by the surrounding substrate giving a non-linear response to
concentration and a poor signal to noise ratio. As this is not a robust approach to the
problem of stray light a dierent method was attempted.
Direct integration of the light emitter-collector pair (in this case an LED and a TSL257-
LF TAOS light sensor, details given in Appendix B.4) was attempted with a clear mono-
lithic PMMA device (Figure 4.2) manufactured using the method given in section 3.2.1.
The performance of the transparent device was not adequate and investigation showed
little change in the detected signal when even black dye was owed through the cell. The
conclusion drawn was that the light was being guided through the PMMA substrates to
the detector making the background signal signicantly higher than the signal through
the detection path, as can be seen visually in Figure 4.2.
A possible method of isolatating the detection path from the bulk substrate is to use a
pin hole arrangement, where light can only pass through the path of the ow cell and not
around it. The pin hole eect can be produced in a number of ways but essentially the
path in the line of the ow cell must be less opaque than the path around it. Figure 4.1
shows schematics for a number of possible methods of achieving this eect.
Each of the methods shown has advantages and disadvantages. The designs shown in
Figure 4.1.1 and Figure 4.1.2 allow precise window thicknesses to be bonded at the end
of the channel. However, these require precise machining of substrates and a bonding
technique which can be performed out of plane. The design in Figure 4.1.3 allows the
size of the pin hole to be precisely controlled, but any light that escapes into the bulk
substrate may still be detected at the photodiode. These possibilities also present two
diculties: how to mount the light source and detector while providing precise alignment
and also how to bond the dierent layers together out of plane of the bulk of the chip.
It is possible to engineer around these diculties; for example the inclusion of windows
bonded out of plane could be achieved by machining a series of pockets and bonding or
casting in small window sections. However, this adds complexity and makes it dicult
to ensure uniform pressure is applied to all components during any bonding processes.
In terms of exclusion of stray light into and out of the detection path, it follows that the
concepts shown in Figure 4.1.1 and Figure 4.1.2 appear to be oer better performance
than the other concepts in Figure 4.1. However, this also brings forward a question:
how dark must the dark polymer regions be? If the absorption of the light is such
that stray light is excluded then it is possible that the substrate does not need to be
completely opaque. Furthermore, how clear must the window be on each end? So long
as the absorption of the window is negligible and consistent then it is possible it could
be compensated for. Therefore it is possible that one material could suce for both theChapter 4 Integration of Absorbance Flow Cell 39
Figure 4.1: Four concepts which could be used to produce `pin-hole' eects in polymer
substrates. 1. Two transparent windows are bonded into machined grooves within a
black substrate prior to sealing. Any colour can be substituted if it is opaque within
the range of excitation and detection wavelengths, 2. Transparent windows are bonded
onto the ends of a sealed channel within a black substrate, 3. A transparent substrate
forms a sealed channel and `pin-holes' are bonded to each end, 4. The channel is formed
in a tinted material which absorbs light and provides a path with least absorbance along
the channel with thin windows of tinted material at each end
window and the bulk substrate if the absorption of light at the window is low yet still
large enough in the bulk substrate to reduce stray light enabling better linear response
and improved signal to noise ratio. Utilising this concept a tinted substrate can be used
to create the desired pin hole eect in the substrate, as shown in Figure 4.1.4.
4.2.2 Fabrication of absorbance ow cells
The production of chips is identical to chapter 3.2.1. Briey, PMMA sheets (thicknesses
from 3 mm and 5 mm, various grades as listed in Figure 4.3) were obtained from Evonik
R ohm Gmbh and channels were fabricated by micromilling with an LPKF Protomat S100
micro-mill. Ports/threads for MINSTAC microuidic connectors (The Lee Company
USA) were also machined into the plastics prior to bonding. The design was created
using Circuitcam software (LPKF Laser & Electronics AG), and then imported into
BoardMaster software (LPKF Laser & Electronics AG) which controls the micromill.
The two halves were aligned as discussed in B.3.5. The channel geometry was similar to
that shown in Figure 4.1.4 with channels 500 m wide and deep. Bonding was performed
as discussed in 3.2.1.2. LEDs and Photodiodes are glued in place using Norland Products40 Chapter 4 Integration of Absorbance Flow Cell
Figure 4.2: Top: Light is transmitted through the clear substrate hiding the owcell
eect, Bottom: Light is only transmitted through the thin windows of the owcell and
is absorbed by the tinted material surrounding it
Inc. 68 optical adhesive.
4.2.3 Measurement of absorbance spectra
Absorbance spectra for a range of commercially available samples were obtained using
a Corporation U-28000 spectrometer. These are provided thanks to Ambra Milani who
obtained the data shown in Figure 4.3.
4.3 Results and Discussion
Utilising the concept that a tinted substrate can be used to create the desired pin
hole eect in the substrate, as shown in Figure 4.1.4, optical cells were manufactured.
The channel structure, which incorporates the windows for excitation and detection, is
machined into one substrate and a lid bonded on top. This lid need not be of the same
material as the bulk substrate; it may be opaque as demonstrated in chapter 6. The
pin hole eect is very clear when two identical cell geometries, one transparent and one
tinted, are shown side by side as in Figure 4.2. When using LEDs as light sources andChapter 4 Integration of Absorbance Flow Cell 41
photodiodes as the detectors in this type of arrangement it is very important to ensure
alignment of the components along the axis of the ow cell. This can be achieved by
manipulating the components while monitoring the output signal before gluing them in
place with optical adhesive.
When designing ow cells for a specic chemistry it should be noted that the technique
only works within the absorption spectrum shown for PMMA grades in Figure 4.3.
The substrate must absorb strongly at the excitation/detection wavelength in order to
absorb stray light from the emitter (i.e. assuming no external stray light sources). If
a narrow-band detector is used with external light sources present this will also reduce
their eect. If a wideband detector is used and external light sources are present the
substrate absorbance must also be wideband so that only light passing through the thin
end windows reaches the detector. Figure 4.3 shows that a wide variety of absorbance
spectra are available with the varying PMMA grades with the coloured substrates giving
good narrow band rejection while the grey tints provide wide band absorbance.
Figure 4.3: The absorbance spectrum of dierent grades of tinted PMMA. Optical
density is given for a sample of 1 mm thickness
Choice of substrate for optimal optical design is limited by a number of factors. The
lower limit of the substrate absorbance (total over the length of the cell) is given by the
absorbance of the analyte/reagent at the maximum concentration of analyte. At this
limit a signal due to concentration change will still be visible above the light source stray
light baseline noise. The maximum substrate absorbance is limited by the minimum
thickness to which the windows can be manufactured while still allowing light into the42 Chapter 4 Integration of Absorbance Flow Cell
cell. Limitations in the maximum light output of the emitter (and sensitivity of the
detector) determine the maximum window thickness to give sucient signal for a given
substrate absorbance. Conversely if the minimum output power of the emitter is so high
as to saturate the detector at low analyte concentrations the window thickness can be
increased to provide attenuation. An explanation of the design process for an absorption
cell is given in Appendix B.6.
It is also possible to use this method of making absorbance cells for use with optical bres
as shown in Figure 4.4. In this way light sources other than LEDs can be used as well as
non-photodiode detectors. By allowing the optical cell component to be separated from
the microuidic platform it is also possible to use this technique in macro component
based systems.
Figure 4.4: An absorbance cell designed for use with push in optical bres allowing
the use of various optical sources and detectors
4.4 Conclusions
The method presented within this chapter has allowed production of optical ow cells
on chip along side other micro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chip shown in Figure 4.4 is manufactured from tinted 7F61 PMMA (Evonik R ohm
Gmbh) which is comparable in price to opaque and transparent grades. Many products
are currently manufactured in these materials through injection moulding and other
techniques allowing the low cost mass production of these cells if required. This technique
should translate to other materials although tinted grades of other polymers (such as
COC) are currently commercially unavailable.
Performance of this design methodology has been assessed by Floquet et al. (2011)
who states a factor of 6.4 improvement in the system sensitivity using a tinted PMMA
substrate compared to transparent PMMA. This technique allows high performance
absorbance spectrometry from mass producible designs. This is demonstrated by Sieben
et al. (2010) who built a Nitrite detection system using the technique. A 14 nM limit
of detection is demonstrated; an improvement of one order of magnitude over other
systems in the literature. The optical cell has also been included in Phosphate detection
systems detailed in Appendix A.4. By allowing integrated optical ow cells through a
simple manufacturing technique this concept brings us one step closer to a robust fully
integrated system.
In the next chapter the integration of membranes onto the microuidic platform is
discussed to allow robust systems with integral absorbance cells, valves and pumps.Chapter 5
Integration of Membranes for
Valves and Pumps
5.1 Introduction to microuidic valves and pumps
This chapter contains a brief review of technologies which have been utilised to integrate
valves and pumps onto microuidic platforms. Following this are the details of a tech-
nique developed to integrate Viton R  membranes onto COC and PMMA microuidic
devices to create valves. This work was compiled into a manuscript published in the
journal Lab on a Chip. The published manuscript is included in Appendix A.3.
5.1.1 Historical microuidic valve and pump technologies
Check valves are operated by the direction of the uid ow and are shut in one direction.
They can simply consist of a ap of material which can be deected away from an
orice. When uid is owing towards the orice the ap covers it. In the opposite
direction the uid is able to ow past the ap. It is this principle that has been used
for hundreds of years in bellows. In early MEMS publications ap valves were created
using silicon (Esashi et al. (1989),Zengerle et al. (1995)) from which large arrays can
easily be manufactured (Lee et al. (2007)). It is important in ap valves that the ap
and valve seat are formed such that they touch to create a seal. This can be most easily
achieved where either the ap or valve seat is formed from a conformal material; however,
Silicon is sti (Youngs Modulus = 190 Gpa (Tabeling (2006))) so is not suitable for all
applications. In other work, using a similar principle, polymer check valves made from
SU8 epoxy substrate and polymer lms have been demonstrated (B ohm et al. (1999),
Nguyen and Truong (2004), Mercanzini et al. (2005)). SU8 epoxy is more exible than
Silicon and able to withstand large strains without failure (Youngs Modulus = 2 GPa,
Yield Stress = 60 MPa (MicroChem Corp.)). Polymer substrates, such as Mylar R ,
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tolerate large strains before yielding allowing large valve deections making possible the
production of high ow rate pumps (upto 2 ml min 1 for water) (Figure 5.1) (B ohm
et al. (1999)).
Figure 5.1: Schematic of a piezo driven
polymeric pump. It utilises a piezo ele-
ment to drive the pump membrane and ex-
ible polymer membrane for the check valves
(B ohm et al. (1999))
Flap valves can also be produced
in hybrid rigid/elastomeric polymer
structures. PDMS is easily bonded to
glass and silicon allowing low leakage
valves to be produced (Adams et al.
(2005), Loverich et al. (2006)). The
disadvantage of these materials is that
the valves are also prone to adhering
shut (Adams et al. (2005), Loverich
et al. (2006)) although this can be re-
duced through roughening of the valve
seat surface (Christabel et al. (2005)).
Nozzle-diuser type one way valves
have been demonstrated in silicon for
valves and pumps (Figure 5.2.1)(Ger-
lach et al. (1995), Singhal et al.
(2004)). These are designed such that
the pressure drop when uid is passed through them is signicantly higher in one direc-
tion (around 10:1 or better) and usually optimised for the required ow conditions for
Reynolds numbers up to 1000 (Singhal et al. (2004)). These designs do require the uid
to have some inertial energy and as such are unsuitable for systems where the Reynolds
number is low and there is creeping ow. Tesla valves (Figure 5.2.2) also provide similar
performance to nozzle-diuser arrangements and agree closely with numerical models
(Morris and Forster (2003)). Due to their 2 dimensional design they are easily incorpo-
rated into designs using lithographic processes for manufacture. The main disadvantage
with the use of these devices as valves is the leakage ow and the ability of reagents
and particulates to diuse through the device. Where zero leakage in either direction
is required these devices are not suitable; however when a pressure gradient is required
they could be of some aid.
Ball valves can also be used to provide a check valve operation and have been demon-
strated for microuidics with glass substrates. The valve seat can be manufactured
using powder blast erosion of glass (Yamahata et al. (2005)) or using a round tapering
capillary (Pan et al. (2005)). These designs can also incorporate a `spring' to aid closing
of the valve, shown in Figure 5.3.1. Various designs have been analysed numerically
indicating that they can withstand back pressures upto 3 kPa (0.03 bar) (Smistrup and
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Figure 5.2: 1. Working principle of a nozzle/diuser pump. a. Expansion/Intake
stroke, b. Contraction/pump stroke (Singhal et al. (2004)) 2. Schematic of a Tesla
`check' valve. There is less pressure drop when uid ows left to right than in the
opposite direction meaning this valve partially recties the ow (Morris and Forster
(2003))
Latching two-way valves can be realised by `plugging' channel openings to remove uidic
paths or `unplugging' them to enable uid ow. With the small scale and tight man-
ufacturing tolerances of microuidic devices implementation of this concept becomes
dicult. Often a moving membrane is used to cover or uncover an opening as this
operation is scalable. For example early MEMS valves were demonstrated using sili-
con substrates and piezo elements for manipulation (Figure 5.3.2)(Esashi et al. (1989)).
PDMS has been utilised as the soft polymer can be deformed mechanically using air
pressure, vacuum or even electrorheological (ER) uid. Mechanical actuators such as
screws (Weibel et al. (2005)) and Braille displays (Gu et al. (2004)) have been demon-
strated for actuation of PDMS membranes due to the ease of prototype manufacture
(Liu et al. (2006)).
Displacement pumps use a change of geometry to cause elevated pressure in a chamber
which drives uid along connected open channels. These may or may not contain valves
and are varied in their design. They are widely used for example as pumps for fuel
injection systems (Cheng and Chien (2006)) or in nebulisers (Pan et al. (2007)).
Peristaltic pumps are a form of displacement pump and are widely available for macro
systems from sources such as RS Components Ltd and Fisher Scientic UK Ltd.. These
pumps have been available for many years and use the simple rotation of one or more
cams to move a pinch point or seal that pushes uid along a sealed compressible tube
(Figure 5.4.1). They are exible in design and can be used to push or pull the uid
through the system. This design has been shown to be reliable time and again and
as such has been adapted for MEMS devices. Usually micro systems use planar pump
designs where a number of chambers are placed in serial and compressed, or opened in
sequences which cause uid movement (Figure 5.4.2). Planar microuidic pumps have
been manufactured in silicon (Xie et al. (2004), Jang and Yu (2008)), PDMS (Goulpeau
et al. (2005))and other polymers such as polyimide (Boden et al. (2006)). These systems48 Chapter 5 Integration of Membranes for Valves and Pumps
Figure 5.3: 1. Cross sections of a pair of proposed geometries for magnetically actu-
ated ball valves. The dark gray plates are slabs of soft magnetic material, the lighter
gray is the silicon or PMDS structure that denes the microuidic network and the
solid black circle is the magnetic bead or particle. The arrows indicate the expected
direction of the uid ow and the external magnetic eld, Hext. a. In this conguration
the magnetic eld is constantly on, and thus the magnetic bead blocks the outlet of
a channel. b. An alternative conguration, where the magnetic eld is initially o,
but the uid pressure holds the bead in the uid inlet which is thus blocked. Turning
on the magnetic eld lifts the bead out of the inlet. (Smistrup and Stone (2007)) 2.
Schematic of a Silicon valve. a. shows the closed position (no voltage), b. shows the
open position (voltage applied) (Esashi et al. (1989))
are dicult to seal as the membrane must conform to the chamber geometry and valve
seat. Membrane integration in a planar system is also complicated to manufacture while
ensuring no leakage.
Other displacement pumps work with only a single actuated chamber and two passive
check valves. There are a number of dierent actuation methods but these can be split
into those using an electric/magnetic eld eect to apply a force (electrokinetic) and
those using a uid pressure (hydrodynamic). Electrokinetic actuators include; electro-
statics (Zengerle et al. (1995)), Xie et al. (2004), Kim et al. (2005b), Batra et al. (2007),
Geipel et al. (2007), Geipel et al. (2008)), piezoelectric materials (Esashi et al. (1989),
Jang and Yu (2008), Koch et al. (1998)), a Braille reader (piezo) (Gu et al. (2004)), mag-
nets (Yin et al. (2007), Yamahata et al. (2005), B ohm et al. (1999), Pan et al. (2005)),
Ferrouids (Hartshorne et al. (2004)), Electro-osmosis (EO) (Yairi and Richter (2007),
Hu and Chao (2007)), Electro-hydrodynamics (EHD) (Kano et al. (2007), Singhal and
Garimella (2007), Stubbe et al. (2007)), Magnetohydrodynamics (MHD) (Lemo and
Lee (2000), Jang and Lee (2000), Homsy et al. (2005), Patel and Kassegne (2007)), shape
memory alloys (Wilson et al. (2007), Ganor et al. (2007)), dielectric elastomer mem-
branes (Loverich et al. (2006)) and ionic polymer-metal composites (IPMC) (Nguyen
et al. (2008)). Hydrodynamic methods include; thermopneumatics (Song and Lichten-
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(2007)), compressed air/vacuum (Chun-Wei et al. (2006), Biao et al. (2006), Walker et al.
(2007)), bubbles (Yin and Prosperetti (2005), Good et al. (2006)) and electrorheological
(ER) uid (Liu et al. (2006)).
Figure 5.4: 1. Working principle of a typical Macro-Peristaltic Pump (Blue White
Industries Ltd.), 2. Working principle of a Planar Peristaltic Pump utilising a 3-phase
sequence(Jang and Yu (2008))
5.1.2 Current microuidic valve and pump trends
The next generation of lab on chip devices require robust methods of on chip uid con-
trol. There are two main methods of controlling uid; electrokinetic and hydrodynamic
(Quake and Scherer (2000)). Although electrokinetic is widely used, ow rate reliability
and control can be dicult to achieve with real world environmental samples (Rainelli
et al. (2003)). For hydrodynamic ow control micro-valve structures are essential for
the manipulation of uid (Oh and Ahn (2006)). To realise large scale integration (LSI)
microuidic devices standardised valve designs are required that need to be chemically
robust, mass-producible and scalable (Thorsen et al. (2002)). Many hydrodynamic valves
are pneumatically activated with o chip control; however, there is a need to develop
compact low power on-chip actuation.
Poly(dimethylsiloxane) (PDMS) is often the material of choice for micro-valves. It has
a low Youngs modulus (750 kPa (Grover et al. (2008))), is gas permeable and is easy
to bond and fabricate. A number of groups have realised normally-open (Thorsen et al.
(2002), Unger et al. (2000)) and normally-closed (Mosadegh et al. (2011), Grover et al.
(2003)) designs using PDMS membranes. A wide variety of valve schemes has been
developed, from monolithic PDMS valves (initially demonstrated by the Quake group)
(Thorsen et al. (2002), Unger et al. (2000)), to hybrid designs built from stacking glass,
thermoplastic and elastomeric materials (Mosadegh et al. (2011), Grover et al. (2003),
Lai and Folch (2011)). However, the porosity of PDMS (leading to cross-contamination
or air-bubbles in microuidic channels) and its inability to handle harsh solvents (typi-
cally the non-polar solvents, which lead to swelling and irreversible chemical alteration
of the elastomer) are a concern (Thorsen et al. (2002), Grover et al. (2008), Prakash
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Hybrid valves are generally built with a glass/PDMS/glass sandwich structure, due to
the optical clarity of glass and the ease of manufacture (Grover et al. (2003)). Over the
last decade, there has been a transition from glass to thermoplastics, such as poly(methyl
methacrylate) (PMMA) and cyclic olen copolymer (COC), which are suitable for
mass-production, are cost-eective, and are easier to prototype (discussed in chapter
3). Zhang et al. (2009) demonstrated pneumatic microvalves with a PMMA/PDM-
S/PMMA stack structure. Their valves and pumps are fabricated by sandwiching a
PDMS membrane treated by a UV ozone cleaner, similar to the method used with
glass/PDMS bonding. The PMMA-PDMS bonds formed were reversible, but sucient
enough to survive the range of vacuum and pressures applied to the device (uid pressure
of 60 kPa). Recently Gu et al. (2010) reported a method for bonding COC to PDMS us-
ing surface activation by corona discharge, surface modication using 3-(trimethoxysilyl)
propyl methacrylate (TMSPMA), and thermal annealing. Valves were fabricated with
a COC/PDMS/COC stack, but the method was also applicable to PMMA. The bond
was much stronger and the device withstood 689 kPa without delaminating. Simi-
larly, Lee and Chung (2009) have established a \chemical gluing" method of bonding
PDMS surfaces by using an aminosilane and epoxysilane. The terminal amine of the
(3-Aminopropyl)triethoxysilane (APTES) interacts to ring open the epoxy group of the
(3-glycidoxypropyl)trimethoxysilane (GPTMS), which creates a strong covalent bond
between the two surfaces (Lee and Chung (2009)). This technique is established in
the literature (Tennico et al. (2010), Kim et al. (2010), Tang and Lee (2010), Lee and
Ram (2009), Vlachopoulou et al. (2009)) as a method of creating strong bonds between
material surfaces but has previously not been shown with Viton R  or other uorinated
polymers.
Alternative robust elastomeric membrane materials have been used to make micro-
valves, such as polytetrauorethylene (PTFE) Teon (Willis et al. (2007)), uorinated
ethylene-propylene (FEP) Teon (Grover et al. (2008)) and Fluorocur
TM
peruoropolyether
(PFPE) (Willis et al. (2008)). The bonding of uoropolymers is dicult and requires
aggressive surface treatment (Taberham et al. (2008)) or functionalisation. Grover et al.
(2008) demonstrated glass/Teon/glass valves that were formed by a thermal bond
between the commercially available treated FEP lm (\cementable") and glass. The
bonding relied on the cementable FEP lm, which had a degraded surface that enabled
bonding. The device Grover et al. (2008) demonstrated was capable of delivering piranha
solution (concentrated sulfuric acid with hydrogen peroxide) and the bond strength was
sucient to withstand 48 kPa uid pressure on a closed valve (pneumatic valve closing
pressure of 50 kPa). The rst commercial uoroelastomer was Viton R  and although it
has excellent chemical resistance and thermal stability to temperatures as high as 316 C
(Wang and Legare (2003)), it has not been used for micro-fabricated valves.
Viton R  is compatible with most organic solvents, swelling only in ketones, esters,
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(>200 C) as well as low temperature dynamic applications (<-20 C). Similarly COC
is compatible with most solvents, acids and bases although it dissolves in non-polar sol-
vents such as toluene and cyclohexane, as discussed in chapter 3. It is also suitable for
high temperature applications with grades available with glass transition temperatures
ranging from 75 C to 170 C. PMMA is less resistant to a typical panel of chemicals
and solvents. It swells and dissolves in most organic solvents. It is however low-cost and
optically transparent making it a popular choice for rapid prototyping of devices where
only water, ionic solvents and dilute solvents are required (Sieben et al. (2010)).
5.1.3 Commercial microuidic valves and pumps
Pumps are available for micro and macro uidic applications where the need for full
integration is not required; the disadvantages encountered when these are used in mi-
crouidic systems are discussed in the next chapter. Systems have been built based on
these devices utilising a manifold to integrate the microuidic channels and larger exter-
nal uid control components (Sieben et al. (2010), Cleary et al. (2008)). In the section
that follows some examples are discussed in order to highlight current technologies used
in microuidic systems which may be suitable for deployable nutrient sensors.
thinXXS Microtechnology AG produce microuidic chips for many dierent systems
from glass and polymers as well as a range of microuidic pumps. These pumps are
made from polymers with elastomeric membrane check valves and piezo actuators as
shown in Figure 5.5.a. The output ow rate of these pumps is dependent on uid
viscosity, temperature, and dierential pressure which results in ill dened ow rates in
unattended systems (our target application). In addition the performance of the check
valves used (see Figure 5.5.a) will be aected by particles, and the actuator requires an
air / gas backing to enable resonance which is not possible in deeply submerged systems.
The use of pumps with a xed volume per stroke (hereafter called \dosing pumps")
allows precise control of sample volumes and consequently solenoid driven dosing pumps
from The Lee Company USA were used in initial systems developed at CMM. The
Lee Company USA produce models which pump 20 l and 50 l doses per actuation
(Figure 5.5.b). These pumps work well and have been proven to operate down to depths
of 3000 m (Abi Kaed Bey (2011)) but as the chip designs at CMM have become smaller
the internal chip volume is now similar to that of each pump dose. This makes creating
sample/reagent mixing ratios of anything other than 1:1 very dicult. Even unity ratios
are dicult to achieve as the pumps must be synchronised in order that segmented ows
are not produced. Similar solenoid driven pumps made by the UK company Dolomite
have the same problems. Both of the companies also produce solenoid driven microuidic
valves which are similar in design. Those produced by The Lee Company USA have lower
power consumption, lower internal dead volume and better tolerance to pressure than
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Figure 5.5: (a) Piezo driven pump from thinXXS Microtechnology AG, ow rates
up 9 ml min 1 and back pressures upto 50 kPa for water with  250 mW power
consumption, (b)Solenoid pump from The Lee Company USA, pumps 50 l per actua-
tion, maximum 2 actuations per second, (c) Miniature peristaltic pump from Dolomite,
ow rate 450 l min 1 and max pressure 50 kPa at 120 mW power consumption,
(d) Centrifugal pump from RS Components Ltd, specication says maximum ow rate
650 ml min 1 and maximum head 1.9 m, (e) Electro Osmotic pump from Microuidica,
upto 190 l min 1 and 110 kPa back pressure, (f) Piezo driven pumps from Bartels
Mikrotechnik GmbH, ow rates up 6 ml min 1 and back pressures upto 500 mbar with
< 200 mW power consumption
system iteration as external bolt-on components (Beaton et al. (2011)). Dolomite have
also recently started to produce a miniature peristaltic pump shown in Figure 5.5.c.
Other commercial pumps that this author has utilised include a range of centrifugal
macro pumps sold by RS Components Ltd. Shown in Figure 5.5.d, the literature pro-
vided with these pumps indicates that they can pump uid at 2 l/min and to a 3.5 m
head. However whilst testing these pumps this author was unable to pass uid through
a 1 m long serpentine (300 m high and wide, equivalent to 0.1 bar drop at 120 l/min
with Re=8.5) at any ow rate.1
Other companies with which the author has no experience of the devices are Bartels
Mikrotechnik GmbH who produce piezo micropumps (Figure 5.5.e), check valves and
microlters. Microuidica also produces a range of Electro osmotic pumps (Figure 5.5.f
which as discussed in section 5.1.2 are unlikely to be suitable for wet chemical sensors.
1A batch of ten pumps were purchased for use in a lter test rig. Characterisation was attempted
using a serpentine channel on a microuidic chip as described. Not one of the batch was able to pump
uid through the device as the specication would suggest they could. This author assumes that either
this was a faulty batch or the specications given contain errors. Further testing was not performed due
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5.1.4 Conclusions from Valve and Pump Review
Many valve designs are presented in the literature but only those of a bolt-on nature have
been proven suitable for oceanographic nutrient sensors (Sieben et al. (2010)). These
valves use a moving membrane which is formed from a compliant FKM elastomer. Each
of these commercial valves has an internal volume of 13 l (The Lee Company USA)
however other integrated valve designs present in the literature (Unger et al. (2000),
Thorsen et al. (2002), Grover et al. (2003)) do not have this problem. As such the focus
of this work was upon a method to integrate chemically robust elastomeric membranes
onto the microuidic platform to create valves similar in design to those of the Mathies
group (Grover et al. (2003)).
5.1.5 Development of robust integrated microvalves using the uoroe-
lastomer Viton R 
To address the need for robust integrated micro-valves and pumps, proof of principle
pneumatically operated devices were fabricated in PMMA and Viton R  and charac-
terised. Viton R  is a robust uoroelastomer widely used in macro valves and pumps,
but has previously not been used for microvalves as it is dicult to bond to polymers.
To overcome this a novel, reliable and robust technique for the irreversible bonding of
chemically-inert Viton R  membranes to PMMA and COC substrates was developed.
A schematic of this process is shown in Figure 5.6(a)-(e), which relies on the forma-
tion of a covalent amine epoxy bond between the two silanes. Commercially available
250 m Viton R  membrane material was used to build a normally-closed valve made in
micro-milled substrates from PMMA or COC.
The valve architecture is based on a tri-layer structure of PMMA/Viton R /PMMA or
COC/Viton R /COC, as shown in Figure 5.6. The top substrate incorporates uidic
channels, the middle layer is a deformable elastomeric membrane, and the bottom sub-
strate contains the pneumatic control channels. A valve consists of two uidic channels
separated by a barrier, below which is a displacement chamber in the pneumatic control
layer. Opening and closing the valve is achieved by controlling the pressure in the dis-
placement chamber using a commercial solenoid valve (similar to Sieben et al. (2007)).
To close the valve, a pneumatic pressure is applied (135 kPa) forcing the Viton R  mem-
brane against the barrier. To open the valve, vacuum is applied to the displacement
chamber (-70 kPa) pulling the Viton R  membrane away from the barrier and opening a
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Figure 5.6: Schematic showing the bonding process for bonding two rigid polymer
substrates to a Viton R  Membrane. First the valve barriers are masked with a perma-
nent marker pen (a) before the polymers are treated with an oxygen plasma (b). This
provides surface functionalisation which reacts with silane molecules when the poly-
mers are placed into silane solutions (c). Bonding of the substrates is performed under
pressure to increase conformal contact and with heat to aid the chemical process (d, e).
A normally closed valve is produced which is controlled by changing the air pressure
on the pneumatic control layer (f).
5.2 Materials and Methods
5.2.1 Novel integration method for commercial Viton R  membranes
PMMA sheets (1.5 mm thick) were obtained from Evonik R ohm Gmbh, Cyclic-Olen
Copolymer (COC) wafers (0.7 mm and 1.2 mm thick) from TOPAS Advanced Polymers
GmbH (Grade 5013) and Viton R  sheet (250 m thick grade A, black 75 shore) from
J-Flex Rubber Products. Channels and features were made in the polymer substrates
using micromilling as described in chapter 3. All channels were 160 m wide x 160 mChapter 5 Integration of Membranes for Valves and Pumps 55
deep. Standard 76 mm x 26 mm borosilicate glass slides were obtained from Fisher
Scientic UK Ltd..
The bonding process was also applied to substrates that were prepared using hot em-
bossing. COC samples were prepared with channels 30 m deep and 300 m wide by
a colleague, Dr. Sam Birtwell, at the University of Southampton. These samples were
embossed using a PDMS master at 138 oC and 200 N mm 2 for 10 min and then cooled
to room temperature over 30 min.
Figure 5.7: In this setup the syringe is used to push uid through a serpentine where
pressurised air is applied to the back of a bus valve. When the valve is actuated a
bubble is created in the serpentine uid. Periodic actuation of the valve can be used
to produce a train of bubbles.
For bonding, the substrates were thoroughly cleaned and then treated with oxygen
plasma (Femto RF, Henniker Scientic Ltd.) prior to immersion in a silane solution.
Specically PMMA, COC and glass surfaces were plasma treated for 30 seconds and
Viton R  substrates for 60 seconds, both at 50 Watts power and 45 sccm. A common
problem with assembling these valves is bonding across the valve seats. To prevent this,
the PMMA/COC surfaces were shielded from oxygen plasma using a permanent marker
pen. This can be removed from the nished device by ushing with 50% Methanol/Water
solution if required. For smaller structures, a similar eect could be obtained using metal
masking or a recessed valve seat (Lai and Folch (2011)). After plasma surface modica-
tion, PMMA, COC and glass substrates were immersed in a 5% v/v solution of APTES
(3-Aminopropyl)triethoxysilane) solution (50% DI water and 50% ethanol). Viton R 
substrates were immersed in 5% v/v GPTES (3-Glycidyloxypropyl)triethoxysilane) so-
lution. Both solutions were freshly made prior to use. The temperature of the solvent
was set at 50C and controlled using a water bath. After 30 minutes immersion the
substrates were removed, rinsed with ethanol and dried with nitrogen. The dierent
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and pressed carefully together by hand to avoid air inclusions. They were then clamped
using a custom made jig consisting of sprung clamps and brass plates (shown in Ap-
pendix B.3) to achieve a uniform pressure of 800 kPa and transferred to an oven
pre-heated to 80C. FKM sheet 0.5 mm thick (Goodfellow Cambridge Ltd.) was used as
a packing material between the brass plates and rigid substrates to ensure even pressure
distribution. After 12 hours at this temperature and pressure the chips were removed
from the oven and were ready for use.
Optimisation of the oxygen plasma exposure time was performed and the lowest contact
angles for each of the materials used. Contact angle measurements for the PMMA and
COC are given in Appendix B.7. These exposure times were 30 seconds for PMMA
and glass, 60 seconds for Viton R  and 12 seconds for COC. A temperature of 80C was
chosen for annealing which is below the glass transition temperatures of the materials
and reduces polymer reow; therefore, maintaining channel topography. The technique
is also successful at room temperature but requires longer contact time (several days).
Valve testing was performed with the chip design shown in Figure 5.8. The chip was
coupled to pneumatic solenoid valves using a manifold clamped to the top of the chip.
Seals are made with O-ring gaskets. Pressure regulated air was provided by a compressor
and vacuum with a vacuum pump connected to the manifold via push t connections
(Figure 5.7). Control of the manifold valves is performed using custom electronics driven
by a Labview interface (NI USB-6009, National Instruments Corp.).
Figure 5.8: Chip layout for testing of valve leakage rate (left). The chip is comprised
of two serpentines and a bus valve controlled by a pneumatic manifold. A photograph of
the system is shown on the right along with a bubble train, which demonstrates opening
and closing of the valve. Also highlighted is a zoomed photograph of the opened and
closed states of the valve.
5.3 Results and Discussion
When bonding to COC the Viton R  was bonded as described without any apparent
channel collapse. Embossing can cause a lack of atness in the surface(s) to be bonded
(Toh et al. (2008)). This technique is tolerant to such topography because of the use
of a relatively thick and compliant elastomer. This demonstrates the 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procedure for preparation of devices requiring an integrated elastomeric membrane.
The adhesion of the Viton R  to the substrates was tested by pressurising the uid behind
a valve that had been permanently sealed (bonded without masking the barrier during
ozone treatment) until the Viton R  membrane delaminated. The pneumatic seat area
was approximately 1 mm2. A uid pressure of 400 kPa (PMMA/Viton R ) or 310 kPa
(COC/Viton R ) could be applied before leakage or burst failure, a pressure sucient for
most microuidic applications. This test represents the worst case as the membrane is
allowed to deform into the valve seat in the control layer. A higher leakage pressure will
be obtained when the elastomer is more restricted with the backing of the control layer,
such as in a channel.
The bond strength of Viton R  to glass was not tested as extensively; however, the
Viton R  could not be removed from the glass without tearing. Although bonding Viton R 
to glass is useful for many applications, the aim of this work is to produce valves us-
ing rapid-prototyping techniques based on thermoplastics. Glass/Viton R /Glass valves
could be investigated in future work if required however the current trend at CMM
(and the microuidics community generally) is towards all polymer devices and as such
further investigation is not warranted at this time.
Figure 5.9: (a) Leakage ow rate versus applied uid pressure for an open valve and
for three pneumatic sealing pressures applied to the control layer (70, 140, 210 kPa)
owing 0.45 m ltered water. The valve leakage rate dramatically increases when the
applied uid pressure is comparable to the pneumatic sealing pressure; (b) Leakage
ow rates for 60 m ltered seawater. Experiment A: seawater is owed through an
open valve with 20 kPa applied uid pressure. The valve is then closed (140 kPa), an
increasing uid pressure is applied and the ow rate recorded. Experiment B: Following
experiment A, seawater is owed through the leaking closed valve with 345 kPa applied
uid pressure while 140 kPa pneumatic closing pressure is applied to the control layer.
Fluid pressure is gradually reduced to zero and the ow rate recorded. Between repeats
1 ml of seawater was owed across the open valve to clear any particles collected in the
valve. The dierence in ow rate observed between A and B is due to the increased
viscosity of the seawater.
Valve leakage was tested using the chip shown in Figure 5.8, which comprised two
serpentine channels together with a valve. A bubble train was created by alternately
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in both Figure 5.8 and Figure 5.10. The performance of PMMA/Viton R /PMMA valve
was tested by measuring the ow rate of water (0.45 m ltered) at dierent pressures
(0-345 kPa water pressure applied to the valve inlet) for two states: valve-open or
valve-closed (Zhang et al. (2009)). Figure 5.9(a) shows leakage ow rate versus uid
inlet pressure at dierent pneumatic pressures (70, 140, 210 kPa) on the control layer.
This works as the valve sealing pressure. The ow rate was measured by recording the
time taken for a bubble to travel a predetermined distance along a tube connected to
the outlet. Closed valves have no detectable leakage; the bubble did not move over a
one hour period. When the uid inlet pressure equals the applied pneumatic control
pressure, the valve leakage is a few nanolitres per second (less than < 25 nl s 1), which
is comparable to previous work (< 100 nl s 1) (Grover et al. (2008)). This increases
dramatically as the inlet pressure is increased (at uid pressures in excess of sealing
pressure), and the valve behaves like an open valve.
Figure 5.10: Picture shows a bubble train on a microuidic chip used as shown
in Figure 5.7. Push in PEEK connectors are used to adapt the Lee company MinStac
tubing to the chip and the pneumatic connection is made by a compression t manifold.
To test the behaviour of the valve with typical environmental samples, the leakage ow
rates were measured when the DI water was replaced with seawater ltered through a
60 m lter. The seawater owed through the channels with 20 kPa applied pressure
when the valve was open. The valve was then closed (135 kPa air pressure), and the
uid pressure was varied from 0 to 345 kPa whilst recording the valve leakage. This data
is shown in Figure 5.9(b) and indicates that the valve leaking pressure was lower than
that for DI water, presumably due to particulates in the valve seat. The uid pressure
was then reduced to zero, and the valve closed which revealed an opening and closing
hysteresis that was repeatable. After owing 400 ml of seawater through the valve, the
valve continued to function. This demonstrates that the valve is robust enough for use
in oceanographic sensors and other applications requiring robustness to harsh uids.
Although the valves are externally actuated using pneumatic controls as described in the
literature (Sieben et al. (2007)), the bonding of the Viton R  to the substrate is robust
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et al. (2007)), magnetics (Chen et al. (2011)), screws or solenoid valves (Hulme et al.
(2009)) or phase change polymers (Kaigala et al. (2008)).
The use of Viton R  membranes, which are opaque, necessitates care in design of on chip
optical systems. This may require alteration of designs developed using transparent
polymers such as PDMS. The opaque membrane is an advantage in designs which use
side illumination and detection as it reduces light coupling from external sources along
one channel wall. An example of this is long path length absorbance cells as discussed in
chapter 4. In uorescence systems which allow for side illumination, three transparent
channels walls are available for imaging and the black Viton R  background again reduces
stray light coupling. For systems requiring bright eld illumination the Viton R  can be
removed (i.e. cut away, milled, punched) at the detection chamber prior to bonding to
allow light through all substrates. Although to some it may seem problematic at rst,
the use of an opaque membrane oers a number of advantages for on chip optical and
microuidics system design.
5.4 Conclusions
In this chapter a method for permanent bonding of chemically-inert elastomeric uror-
polymer membranes has been demonstrated, in particular Viton R , to PMMA and COC.
Microvalves were made from this material and characterised. Whilst these initial demon-
strations used COC- or PMMA-Viton R  structures, enhanced chemical robustness can
be achieved by using uoropolymers or glass as the rigid substrate. Bonding to borooat
glass surfaces using the same silane chemistry has been achieved. This bonding approach
complements other microfabrication methods and enables the integration of chemically
robust Viton R  valves in a wide range microuidic devices.
The work from this chapter was published in Lab on a Chip titled Chemically resis-
tant microuidic valves from Viton R  membranes bonded to COC and PMMA. The
manuscript is included in Appendix A.3. In the following chapter this method of in-
tegrating membranes is used to create a microuidic system with on chip valves and
pumps.Chapter 6
Designing Nutrient Sensor
Systems
The design and production of the push-pull system featured in this chapter was com-
pleted in collaboration with Dr. Vincent Sieben. The collection of data for both systems
was also performed in collaboration on a common platform in order to reduce time spent
duplicating experimental setups.
Design and production of the Multiplexed Stop-Flow system featured was entirely my
own work. The published manuscript is included in Appendix A.4.
6.1 Introduction to nutrient sensor design
6.1.1 The process of nutrient sensor system design
When designing systems the series of operations which make up the system process must
be considered. In colourimetric nutrient sensors this involves taking a sample, mixing it
with a reagent and measuring the optical properties of the product. If using an absorp-
tion cell then the length must be determined and the method of manufacture considered
as discussed in chapter 4. The performance of the system will be limited rstly by the
design and performance of this sub-system as well as the sample consistency (mixing
ratio, contamination, pressure variations) determined by the uidics of the system.
Within the uid handling components of the system multiple steps are required to pro-
cess a sample. The minimum sample volume is determined by one of two methods. The
ushing volume required to clear the previous sample rst determines the minimum sam-
ple volume which ensures a fresh uncontaminated sample. Alternatively, if the ushing
volume is smaller than the detection chamber volume (which is not usually the case)
then it is the detection chamber volume which determines the minimum sample volume.
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In order that the sample and reagent are fully mixed they may need to remain resi-
dent within the system prior to the detection chamber to allow diusion of the multiple
streams into each other. Next the mixed sample may require a post-mixing residence
time for the chemical reaction to take place and any colour to fully develop. At this point
the sample is ready for the measurement chamber and, depending upon the method of
detection chosen, it may require a further hold time within the detection cell for mea-
surement stability. Further delays may be required to prepare the system for following
samples such as processing of blanks and standards for the calibration of the optical
cell. In a continuous ow system these delays can be designed in through the addition
of longer uid path lengths.
Although the addition of delays are not in themselves an issue for data logging systems,
the additional residence time aids Taylor dispersion within continuous ow systems.
Equation 2.11 (in section 2.2.3.2) shows that as time becomes t  0 the concentration
axially away from z = 0 becomes non-zero. As this time, t, is increased so the axial
growth of the plug increases. Minimising this dispersive growth allows smaller distinct
sample volumes to be resolved.
The system manufacturing approach is dependent upon the components chosen to build
it. The substrate, valve type and pump choices create their own set of considerations.
Most options are not perfect so reduce performance of the system. An example of this
may be the introduction of additional dead volumes and/or path lengths due to a planar
or laminar manufacturing method.
Optimal temporal performance and system accuracy (and resolution) are mutually ex-
clusive. For a given optical performance the temporal performance is aected by a
number of factors, discussed in the following sections. The system designer considers
this trade o when designing a system for a required performance.
6.1.1.1 Denition: Temporal Response
The temporal response of a system, tr is the system performance measure which denes
the quantity of samples which can be measured. It is dened as the time taken for the
system to respond to a change of sample and provide the correct output (within the
system measurement capability).
Consequently it determines the number of samples which can be measured within a
given time period. Reduction of the temporal response is desirable. It allows discrete
measurements to be made quickly so that datasets with ne temporal and (in the case
of moving vehicles) spatial resolution are possible.Chapter 6 Designing Nutrient Sensor Systems 63
6.1.1.2 Denition: Accuracy, Resolution and Limit of Detection (LD)
These factors dene the performance of the system in terms of the quality of the mea-
surements which are made.
\Accuracy refers to the correctness of data ... it is related to the deviation of the
determined value from the true value." Grassho et al. (1999). This may be aected
by the stability of the optical system (detector and emitter pair) as well as stability of
reagents for dye production (although this can be calibrated out to some extent with
blanks/standards).
The resolution of the system is the minimal change in sample concentration required
before a dierence is measured in the output signal.
\The limit of detection (LD)... is commonly dened as the lowest concentration level
that is statistically dierent from a blank at a specied level of condence" Grassho
et al. (1999). This is often the lowest sample concentration which can be measured
above the system noise. Grassho et al. (1999) also states that signals must be at least
the blank value plus three standard deviations of the blank or should be reported as
`not detected'.
Each of these parameters requires system stability for best performance. Variations in
the uid ow, the optical emitter/detector pair, mixing ratio, mixing eciency and other
factors cause variance in the output signal and degraded performance.
6.1.2 Performance limitations in microuidic colourimetric sensors
Dead volumes, areas in channels where there is little or no ow, require additional ush-
ing between samples. These may be present due to design restraints, such as commercial
valve internal volumes which are only ushed during operation, or the system assembly
method such as laminar construction which does not allow for round corners. Any dead
volume not ushed between samples dilutes the sample (decreases or increases concen-
tration depending upon chemistry) aecting the measurement. These may be as large as
the detection volume for certain designs: the LFNA1250125H (The Lee Company USA)
valves have a 13 l internal volume. Reduction of system and detection volume al-
lows for smaller channels to be used, reducing possible dead volumes and delays created
due to ushing. Regular calibration with blanks and standards maintains condence
in measurements (Grassho et al. (1999)) but also adds delays between each sample
and increases reagent consumption. Using the smallest system volume reduces the im-
pact of these operations upon total reagent consumption but the delays remain present.
Although these delays are not a problem for logging systems the additional ushing re-
quirements do increase the Taylor dispersion and hence decrease the temporal response,
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As described in section 2.2.3.2 Taylor-Aris dispersivity is the longitudinal dispersion
between samples as they pass through microuidic channels. This causes plugs of uid
to `smear' into each other as they pass through the system, the extent of which is
given by the equations given previously. This phenomena limits the number of discrete
samples which can be made as it causes unknown regions between each sample where
the contents are a mixture of the distinct samples either side. System characteristics
which cause large Taylor dispersion reduce the temporal response in this way directly.
Using the mathematics discussed in section 2.2.3.2 we can assess whether the system can
be modelled with the Taylor-Aris dispersion theory. The diusion coecient depends
on the exact chemistry used; for example phosphate is measured using molybdo-vanado-
phosphoric acid giving a yellow complex (Sequeira et al. (2002)) with a diusion constant
of between (5.51 - 9.48) x 10 10 m2 sec 1 in water (Tsigdinos and Hallada (1970)). For
our devices (= 1/20, W = 300 m), the characteristic molecular diusion time ranges
from 4 to 8 seconds. Since the residence times for most colourimetric chemistries are in
minutes, equation 2.9 holds true and the system can be modelled this way.
6.1.3 System design schemes
There are a number dierent ways of arranging pumps and valves within a system in or-
der to allow it to perform certain tasks. Each of these has advantages and disadvantages
which are discussed here.
6.1.3.1 Push-push
This is perhaps the simplest method of employing a multiple ow stream system, Fig-
ure 6.1. Separate pumps inject uid into each inlet of the chip, whilst the outlet is free
owing. If the optical sub-system can tolerate pulsed ow peristaltic pumps may be
used: otherwise pulseless ow pumps are essential. Assuming syringe pumps are used,
each is lled with its respective sample or reagent. When pumped into the system the
uids are layered along side each other and form multiple layered streams. Each of the
syringes requires an inlet and outlet valve to ensure ow only in one direction.
6.1.3.2 Pull on waste
In this arrangement a negative pressure (relative to the rest of the system) is created
at the outlet of the system, Figure 6.2. Syringe or peristaltic pumps may be used
depending upon the required operation. Without additional component requirements
low dead volumes are possible at the sample inlet and, due to the laminar uid behaviour
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Figure 6.1: Diagram shows a system using a push-push pumping scheme
facilitates ow control/metering by careful design of channel length. In theory this
allows for consistent system dosing.
Figure 6.2: Diagram shows a system using a pull on waste scheme
6.1.3.3 Push-pull
This arrangement uses multiple pumps to inject uid into all but one inlet of the chip and
another pump to draw uid from the outlet. It is a compromise between the `push-push'
and `pull on waste' concepts, Figure 6.3. The ratio of the pump rates at the inlet and
outlet provides a consistent dosing arrangement, similar to a `push-push' system. The
benet is that the measurement stream (sample, standard or blank) may be switched
without ushing of the pumps. Delays in emptying/lling of syringes may be minimised
by increasing syringe size and/or using parallel pumps (i.e. one lls while the other
empties). The system remains ow rate (rather than pressure) controlled and is hence
immune to variations in the pressure of the reagent, blanks or standard reservoirs.66 Chapter 6 Designing Nutrient Sensor Systems
Figure 6.3: Diagram shows a system using a push-pull pumping scheme
6.1.3.4 In-line on-chip pumping
There are a number of system designs possible if in-line on-chip pumps are utilised,
Figure 6.4. The reduction in dead volume and small actuation volume allow very small
samples to be pumped and multiple pumps to be included. Combined with on-chip
valves, with little or no dead volume, very complicated and/or high performance sys-
tems can be achieved. The disadvantage is that actuation of multiple valves/pumps is
complicated as described in the previous chapter.
Figure 6.4: Diagram shows a system using an in-line on chip pumping scheme
6.1.3.5 Discrete and continuous pumping
The push-push scheme is a good example of a system which inherently makes discrete
measurements: each ll of a syringe is essentially a single sample. Syringe pumps may be
adapted for continuous operation (Figure 6.5) in systems such as the push-pull scheme.
The addition of an extra pair of valves allows measurements to be made one after the
other without creating discrete samples. This is demonstrated in section 6.2.1.1.Chapter 6 Designing Nutrient Sensor Systems 67
Figure 6.5: (left) Diagrams show syringes arranged for dosed operation. (right) Using
a pair of syringes and a pair of valves on each it is possible to produce continuous ow
operation by withdrawing one syringe while pushing the other
6.1.3.6 Detection systems
In systems where the mixing and reaction time are short, ow through detection cham-
bers may be suitable. But where the reaction time is slow it may be advantageous to hold
the sample in the detection chamber to allow for full colour development. Figure 6.6
shows the dierence between two detection systems which still allow for continuous
operation. Figure 6.6.a is a standard ow through cell for continuous measurement.
Figure 6.6.b shows a series of cells multiplexed and separated with valves to allow dis-
crete samples to be held while measurements are made. Multiplexing in this way reduces
smearing and contamination between samples (while maintaining constant throughput)
as movement of uid within the system is minimised and samples are separated by
valves. Unfortunately this multiplexed scheme requires multiple valves which further
adds complexity.
Figure 6.6: (left) Detection system arranged for continuous ow operation (right)
Schematic of a multiplexed detection system68 Chapter 6 Designing Nutrient Sensor Systems
6.1.4 Mixing requirements in microuidic colourimetric sensors
In certain system designs a mixer may be required to aid the mixing of the sample and
reagent streams. This is determined by the diusion time of the chemical species and
the ratio of mixing time to reaction time. The system designer will often attempt to
minimise the total sample residence time within the system (tr) prior to the measurement
being taken as discussed in 6.1.2. As such when using chemicals with slow diusion rates
and fast colour development a mixer may be desirable. When the diusive mixing time
is short (a few seconds) and the colour development time is considerably slower (an
order of magnitude) then the impact of diusive mixing is less signicant. In these
cases a mixer will provide little benet and, in some cases, may reduce performance by
increasing channel length and internal system volume. The following subsection features
a brief overview of mixers which appear in scientic literature and may be suitable for
those systems discussed.
6.1.4.1 Microuidic mixers in literature
In wet chemical systems the perfect mixer causes full mixing of sample and reagent
instantaneously without causing axial dispersion of the sample; however the driving
mechanism in microuidic mixers is diusion making instantaneous mixing unlikely.
However the mixing time should be minimised.
Turbulence can be used to mix sample and reagent at the macro-scale, for example by
moving a stirrer through a beaker. This method speeds up the diusion of molecules
and reduces reaction completion times. In this case mixing of two chemicals in a beaker
is trivial. However mixing two chemical species within a laminar ow regime, as occurs
in a microuidic chip, relies on diusion. At this scale inertial eects are small in
comparison to viscous eects. In order to speed up the process the diusive boundary
may be manipulated. This is the purpose of on chip mixing components. It has led to
much interest in the eld of microuidic mixer design and a number of recent reviews on
the subject (Hessel et al. (2005), Nam-Trung and Zhigang (2005), Green et al. (2007)).
Mixers come in active (requiring external power input) and passive varieties (where the
energy is extracted from the uid ow). The ow requirements through the chip, the
channel dimensions and the system operating environment determine the suitability of
a design. For reference, using a ow rate of 100 l min 1 against a back-pressure of
1 bar the pumping power requirement is 164 mW.
Active mixers in microuidic chips work using the same principle as macro-uidic mixers.
They encourage uid movement which would not exist in the normal ow through some
powered means. The means by which the movement is introduced is usually a physical
action such as moving a stirrer (Lu et al. (2002)), causing bubbles to form and collapseChapter 6 Designing Nutrient Sensor Systems 69
Figure 6.7: A. Simulation of the mixing of two uids in a T-mixer, B. Simulation of
the mixing of two uids in a chicane mixer, C. Simulation of the mixing of two uids
in an F-mixer (Payne (2008))
(Tsai and Lin (2002)) or simply passing the uid over a moving membrane (Yang et al.
(2001)). Movement can also be transmitted into the device by these methods to drive
pump actuators, discussed in section 5.1. It is also possible to use magnetohydrodynamic
and electrohydrodynamic forces (Fu and Chien (2005)). Active mixers can be switched
o to allow un-mixed uid plugs to be passed if required, but this functionality is at the
cost of added system complexity and power requirement.
Passive mixers manipulate the ow in order to increase the area over which diusion
can take place by changing the geometry of the uid channel. The energy used to
manipulate the uid is taken from the uid itself. This increases channel resistance
and pressure drop through the system. No additional external components are required
making these mixers reliable and suited for small in-situ systems. Simple designs include
T (Figure 6.7.A) and Y channel shapes along with chicane mixers. These are simply
long channels bent such that sections lay alongside each other increasing the residence
time and diusive length, Figure 6.7.B. Other planar mixing elements include Tesla type
geometries (also used as valves)(Hong et al. (2004)) and recirculating geometries (Hung
et al. (2005)).
Figure 6.8: a. A design for a split and recombine mixer, b. A series of ow proles
at intervals through this mixer design (Hardt et al. (2006))
Increasing the diusive area aids mixing and can be achieved by combining multiple inlet
streams so as to laminate multiple layers of uid alongside each other. The same aect is
achieved when split and re-combine (SAR) designs are used (Figure 6.8). Some of these
designs use large channels with obstructions to achieve the required uid manipulation
(Lee et al. (2006)). Others use multiple channels (Hardt et al. (2006)). Twisting the
uid during the manipulation also aids these designs, such as in F-mixers (Figure 6.7.C)70 Chapter 6 Designing Nutrient Sensor Systems
Figure 6.9: a. Modular components of the S&R mixer i) combine, ii) twist and iii)
split structure. b. CFD-simulation of the S&R mixer. c. Schematic working principle
of the mixer. (Cupelli et al. (2005))
as it further increases the diusive boundary: benecial at low Reynolds numbers (Chen
and Meiners (2004)). Certain channel manipulations provide predictable ow changes.
This allows them to be split into modular pieces making modular design possible, shown
in Figure 6.9 (Cupelli et al. (2005)).
Chaotic advection can be used to mix uid within microuidic channels. Changes in
the channel geometry such as obstructions (Bhagat et al. (2007)) or cutaways in the
walls can be used to create local pressure nodes and circulation of uid. Herringbone
structures cut into the channel walls cause circulation of uid from the outside of the
channel into the channel centre (Williams et al. (2008)). Diagonal grooves introduced
into the top and bottom of the channel can be used to similar eect also (Howell et al.
(2005)).
6.1.4.2 Development of a mixer for wet chemical nutrient sensors
Using Comsol and Solidworks software a mixer suitable for in-line mixing of sample and
reagent was developed. The nal design, Figure 6.10, is similar to that presented by
Hardt et al. (2006) but recongured to allow for laminar 2.5D construction. The design
operates on the principle of splitting the uid horizontally Figure 6.11.a, moving the top
and bottom sections laterally away from each other Figure 6.11.b, bringing both streams
onto the same plane Figure 6.11.c and then recombining them side by side Figure 6.11.d.
The inlets introduce the uids alongside each other giving a side-by-side lamination into
the rst element. A 4-layer lamination of the two uids is created after the rst element.
When this is then fed into another element an 8-layer laminate is formed at the output.
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2n laminates. After each mixing element the width of each laminate is reduced to half of
its previous geometry. In this way two input streams are combined into multiple much
thinner streams over which the time to fully diuse is much smaller.
Figure 6.10: A. a novel mixer design modelled in comsol. Designed by this author
and modelled by David Payne (2008) while on placement at CMM, B. a mixer design
adapted from A (designed and drawn by this author) using a similar principle to Hardt
et al. (2006) but designed for sub-millimetre laminar manufacturing methods
Figure 6.11: Operating principle of mixer design shown in Figure 6.10.B
6.1.4.3 Bench testing of mixer
The mixing elements are designed so that dead volumes are minimised when manu-
factured in a laminar way. Further reduction is possible with full 3D micromilling to
smooth the corners which create the dead volume regions, though this has not been at-
tempted yet. Exclusion of dead volumes should provide constant ow velocities in each
of the legs of the mixer elements. This is also a design feature; if a bubble is formed in
one leg the increase in the pressure drop across the mixing element will encourage the
bubble to move through. This is due to the changing depths as shown in Figure 6.11,
where the depth of the channel in each of the mixer legs is half of the channel before
and after the mixer. If one of these legs is blocked the uid will experience a velocity
increase through the other leg in order to maintain its volumetric 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to the Darcy-Weisbach equation (shown in chapter 2) this will cause an increase in the
pressure drop in this region. The increased pressure gradient across the mixing element
encourages the movement of the bubble if it is large enough to overcome the surface
energy of the blockage.
Figure 6.12: A. Schematic of mixer testing. Peltier is used to cool the chip in order to
slow the diusion of the food dye, B. Example mixer test chip including pin-alignment
holes at each corner
This function of this mixer was investigated using food dye, which enables visualisation
of stream lines, and hence the production of laminated ows. The food dye rapidly
diuses in water at room temperature so the system was cooled using a peltier element.
A schematic of the setup is shown in Figure 6.12. An image showing dye based streamline
and laminated ow visualisation is shown in Figure 6.13. Prior to the rst element there
are 2 uid streams and afterwards this becomes 4 uid streams, demonstrating the
principle of the mixer.
Figure 6.13: Operation of original SAR mixer with green food dye and water on a
cooled peltier assembly to slow diusion and aid visualisation
6.1.5 Nutrient sensors in literature
Accurate and robust long-term monitoring of nutrients, dissolved gases and trace metals
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electrochemical, capillary/column, biosensing and spectrophotometry (Dutt and Davis
(2002), Finch et al. (1998), Hanson (2005), He et al. (2007), Moorcroft et al. (2001)).
Spectrophotometric or colourimetric approaches are stable and reliable. They can be cal-
ibrated using standard samples and have good detection limits (sub-nanomolar). Along
with this their dynamic range makes them a viable, accurate and economical option for
implementation in low-cost miniaturised sensors suitable for mass deployment (He et al.
(2007), Patey et al. (2008), Sieben et al. (2010)). Commercial colourimetric systems
that measure nutrient concentrations have limited deployment capabilities, often due to
their large physical size (e.g. 44cm long and 13cm dia.)(Johnson and Coletti (2002)),
high power consumption (typically 10-150 W)(Hanson (2000)), and excessive reagent
usage (mL per sample)(Hanson (2005), Johnson and Coletti (2002)). Microuidic sys-
tems are able to overcome many of these problems; however the sampling speed of these
systems (both macro and micro) need to be considerably improved to allow accurate
measurement of steep chemical gradients or small scale phenomena.
The most common methods of uid handling include: stop-ow (Bowden et al. (2002b),
Slater et al. (2010), McGraw et al. (2007), Greenway et al. (1999)), continuous ow (Jan-
nasch et al. (1994)), ow-injection analysis (FIA) (Carlsson et al. (1997)), segmented
ow analysis (SFA) (Gardner and Malczyk (1983)) and sequential injection analysis
(SIA) (Wu and Ruzicka (2001), Ruzicka and Marshall (1990)). Typical miniaturised
stop-ow systems have sampling rates that range from 5-20 samples per hour (Bowden
et al. (2002b), Slater et al. (2010), McGraw et al. (2007), Cleary et al. (2010), Bowden
et al. (2002a), Bowden and Diamond (2003), Sequeira et al. (2002)), limited by the time
required for full colour development, which can be minutes. Continuous ow systems
achieve higher sampling rates by constantly owing both sample and reagent streams
through a delay loop until detection is carried out. For example, the SubChemPak Anal-
yser can sample at 900 h 1 (Hanson (2000)), albeit with a large reagent and sample
volume consumption (1 mL/min of reagent, 20 mL/min sample). These systems com-
promise on sensitivity by not achieving full colour development since they are seldom
designed to allow reaction times of 5 min or more (Carlsson et al. (1997)). In continu-
ous ow systems the performance is limited by dispersion of the sample, so in practical
terms sample smearing leads to substantially lower sample rates. Flow injection analysis
is a common variant on continuous ow, where a xed sample volume is injected into
a carrier stream containing the reagent. This method can process 20-180 samples per
hour (Carlsson et al. (1997), Yaqoob et al. (2004)) but reagent consumption is excessive.
Segmented ow systems limit dispersion by separating sample plugs with air bubbles
injected into the sample/reagent stream, and achieve throughputs of 15-30 samples per
hour (Patey et al. (2008)). Sequential injection systems lower reagent consumption by
stacking discrete volumes of sample and reagent in a holding coil, which is then pro-
pelled to a reaction coil for sucient time to allow for colour development (Ruzicka and
Marshall (1990)). A throughput of 20-70 samples per hour was demonstrated for SIA
systems, and is dependent on the reaction kinetics (Wu and Ruzicka (2001)).74 Chapter 6 Designing Nutrient Sensor Systems
6.1.6 Summary of introduction to nutrient sensor systems
In this chapter two microuidic architectures are presented (continuous ow, and mul-
tiplexed stop ow) for miniaturised colourimetric nutrient sensors. These systems are
compared with respect to the temporal response for optimisation of sampling rate and
reduction of reagent consumption. The continuous-ow system is capable of a sam-
pling rate of 60 h 1, which is limited by the Taylor dispersion. The novel multiplexed
stop-ow (MSF) microsystem is not limited by dispersion. A demonstration MSF sys-
tem consisting of two stop-ow channels is presented. This requires 12.6 s to load each
sample into a measurement channel and when scaled to include 43 detection chambers
would be capable of a throughput of 285 h 1 (with full color development). The MSF
architecture is manufactured in PMMA/Viton R /PMMA, utilizes on-chip valves, and is
scalable, thereby permitting sampling at much faster rates (subsecond). Either system is
capable of remote deployment and continuous measurement of nutrient concentrations.
The MSF architecture is particularly suited for applications requiring high temporal or
spatial resolution; such as from moving vehicles. The architecture of the two dierent
microuidic systems are shown in schematic form in Figure 6.14 and Figure 6.15. The
temporal performance of the two dierent designs is compared by measuring phosphate
in water using the well known Molybdo-vanado-phosphoric acid or \Yellow method"
(McGraw et al. (2007)).
6.2 Materials and Methods
6.2.1 Theory and design considerations
6.2.1.1 Continuous ow systems
In continuous ow analysis systems, the temporal resolution is limited by reaction kinet-
ics and broadening of the sample plug as it travels to the detector. In pressure-driven
microuidic systems, the dispersion of solutes is caused by the parabolic ow prole and
this Taylor-Aris dispersion can have a greater eect on plug broadening than molecular
diusion (Dutta and Leighton (2001)). Electroosmotic pumping overcomes this problem,
but is unsuitable for remote in-situ nutrient sensor systems that operate with variable
unknown sample streams.
To determine the optimal temporal response a few simple design constraints need to be
considered. The 25 mm long absorption cell is a 300 m wide and deep channel and has a
2.25 L volume. The most demanding use of chemical sensors is on a proling oat such
as the Argo, which ascends at approximately 10 cm/s (Gould et al. (2004)). A temporal
response of 10 s would yield a spatial resolution of 1 m. To achieve this the ow velocity
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also requires a residence time prior to measurement for full colour development. This
time is set by the reaction kinetics which for the chemistries used in typical nutrient
analysis (Griess method for nitrite and nitrate, and the yellow method for phosphate
(Bowden et al. (2002b))), ranges from 1 to 10 minutes.
Using the model in 2.2.3.2 the dispersion for the continuous ow microuidic setup
shown in Figure 6.14 can be estimated. It has rectangular channels (L = 1.65 m and
U = 17 mm/s) giving an axial residence time, tr = 95 seconds. A model of this geometry
was created in Matlab and a number of injection lengths inputted. The results are shown
in Figure 6.16.A.
6.2.1.2 Multiplexed stop ow systems
Stop ow systems do not suer from sample dispersion; however, the temporal response
of these systems is limited by the time taken for colour development. This can be im-
proved by incorporating multiple sample holding chambers that are loaded sequentially
using multiple valves (and/or pumps), which necessitates on-chip microvalves. In such
a time-multiplexed system, pump actuation time can become rate limiting.
6.2.2 Chemistry preparation for Phosphate detection
Phosphate standards were made from a stock solution of 3 mM prepared by dissolving
0.408 g of potassium dihydrogen phosphate, KH2PO4, in 1 L of MilliQ water. This 3 mM
stock solution was then diluted with MilliQ water to create the various concentrations
used in this study. The Molybdovanadophosphoric acid method or \Yellow method"
reagent was prepared with 7.2 g ammonium molybdate (A-7302, Sigma-Aldrich Com-
pany Ltd., CAS Number: 12054-85-2) and 0.36 g ammonium metavanadate (20555-
9, Sigma-Aldrich Company Ltd., CAS Number: 7803-55-6) dissolved in 95 mL HCl
37 wt. %. and lled up to 1 L with MilliQ water (McGraw et al. (2007)). When the
reagent is mixed with a sample containing phosphate ions, a yellow-coloured complex
is produced that has an optical absorption proportional to the concentration of phos-
phate (strongly absorbing below 400 nm) (Bowden et al. (2002b), McGraw et al. (2007),
Quinlan and DeSesa (1955), Michelsen (1957), Misson (1908)).
6.2.3 Fabrication of systems
6.2.3.1 Continuous ow microchip system fabrication
A schematic diagram of the continuous ow system is shown in Figure 6.14. It was
fabricated by micro-machining from a block of poly(methyl methacrylate) (PMMA).76 Chapter 6 Designing Nutrient Sensor Systems
Figure 6.14.A shows the architecture of the chip. A series of commercial valves were
mounted onto the chip, and used for sample selection (either ultra pure water blank, two
phosphate standards, or a sample), followed by a reference absorbance cell (2.5 cm path
length), a Y-junction (for addition of reagent), a serpentine delay loop to allow colour
formation (1650 mm long) and two measurement absorbance cells (2.5 cm and 0.5 cm
path lengths). Details of the optical absorbance cell can be found in chapter 4. The chip
was machined in 5.0 mm thick tinted-PMMA (Plexiglas GS 7F60, Evonik R ohm Gmbh)
by micro-milling (Protomat S100 micromill, LPKF Laser & Electronics AG). A solvent
vapour bonding procedure was used to polish the channel surfaces and to bond the two
halves as described in chapter 3. All channels were 160 m wide and 300 m deep,
except the optical absorption cells which were 300 m wide and 300 m deep. Fluid
connectors, optical alignment grooves and valve mounts were all milled into the lid or
chip. Fluid handling was performed using twelve micro-inert valves (LFNA1250125H,
The Lee Company USA) and a push/pull syringe pump (PHD Ultra 70-3009, Harvard
Apparatus) simultaneously driving two reagent and two waste syringes. For 1:1 (v/v
reagent:sample) studies, 250 L (Hamilton Company 1725CX) and 500 L (Hamilton
Company 1750CX) syringes were used for reagent and waste, respectively. For 1:4 (v/v
reagent:sample) studies, 500 L (Hamilton Company 1750CX) and 2.5 mL (Kloehn Inc.
17598) syringes were used for reagent and waste, respectively. The total uid ow rate
was 50 L min 1 for continuous ow experiments. High powered UV-LEDs were used
(XRL-375-5E, 375 nm, 19-26 mW, Roithner Lasertechnik GmbH) as light sources and
photodiodes for detection (TSL257-LF, TAOS); both bonded to the chip with Norland
Products Inc. optical adhesive 63.
The system was controlled using custom made electronics with a National Instruments
Corp. Digital Acquisition Device PCI 6289 card installed in a ruggedised PC running
Labview 2009. A Labview state machine performed automated sampling and syringe
pump control. To achieve continuous ow with syringe pumps, two reagent and two
waste syringes were used, such that when one pair of syringes was manipulating uid in
the chip (waste syringe withdrawing uid from the chip with reagent syringe injecting),
the other pair of syringes were preparing for the next run (waste syringe emptying into
the waste outlet and reagent syringe loading). This push/pull scheme requires eight
valves and is shown in Figure 6.14.A (dashed-box). To analyse a sample from any one
of the four inlets, the appropriate valve was opened and the sample was drawn into the
device using the waste syringe. The size of the injected sample plug was controlled by
the open time of the sample inlet valve. The sample plug passed through the reference
absorption cell and reagent was added at the Y-junction.
6.2.3.2 Multiplexed stop ow system fabrication
The stop-ow colourimetric measurement system is shown in Figure 6.15. It has two
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These microvalves were made from a PMMA/Viton R /PMMA stack, as described in
chapter 5. Briey, substrates were treated with oxygen plasma (Femto RF, Henniker
Scientic Ltd.) and soaked in a silane solution. PMMA substrates were soaked in a
5% v/v (3-Aminopropyl)triethoxysilane (APTES) solution and Viton R  substrates in a
5% v/v (3-Glycidyloxypropyl)triethoxysilane (GPTES) solution. Viton R  sheet (250 m
thick grade A, J-Flex Rubber Products) was bonded between the two PMMA blocks
using mild pressure and temperature as described in chapter 5.
The valve architecture is similar to that used by the Mathies group (Grover et al. (2003))
and is based on a tri-layer structure of PMMA/Viton R /PMMA (Figure 6.15.B). The
bottom substrate incorporates uidic channels, the middle layer is the elastomeric mem-
brane (Viton R ) and the top substrate contains the pneumatic control channels. All
channels are 160 m wide x 300 m deep, except absorption cells which are 300 m
wide. A valve consists of two uidic channels separated by a barrier, above which is
a displacement chamber in the pneumatic control layer. Opening and closing of valves
is achieved by controlling the pressure in the displacement chamber using commercial
solenoid valves (LHLX0500200BB, The Lee Company USA) on a manifold that is ac-
tuated with custom electronics driven by a Labview interface (NI USB-6009, National
Instruments Corp.) Figure 6.15.C.
The chip schematic shown in Figure 6.15.A includes: a sample bus with 4 valved inlets,
a reagent input, two on-chip peristaltic pumps operating in parallel (P1 for reagent and
P2 for multiple samples) and two hold chamber units (entry and exit bus valves and an
absorption cell) that are on a common bus. The system operates by sequentially loading
the hold chamber absorption cells, with sample and reagent, waiting an appropriate
length of time for near full colour development followed by an absorbance measurement.
6.3 Results and Discussion
6.3.1 Continuous ow microchip performance analysis
Taylor-Aris dispersion proles were calculated for 4 dierent input sample lengths (15,
30, 60 and 120 sec. injections, equivalent to sample lengths of 240, 480, 960 and 1920 mm,
respectively), shown in Figure 6.16.A by the square inputs. The gure shows how the
prole of the sample changes as it travels from input to output through the 1650 mm
serpentine at various times (0, 0.25 tr, 0.5 tr, 0.75 tr, and tr, where tr is the residence
time). For the 120 second (1.92 m long) injection the plateau or peak height barely
changes and would give a clear resolvable signal. The 60 second injection becomes
more disperse, but the peak amplitude is constant. This sample length is the temporal
response limit. The 15 and 30 second injections reduce in amplitude, smear and overlap
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This observation is also seen experimentally. The \reagent" was replaced with MilliQ and
four dierent samples were analysed consisting of MilliQ, 0.025%, 0.05% and 0.1% (v/v)
yellow food dye. Figure 6.16.B shows the photodiode voltage when 0.1% (v/v) plugs
of food dye were injected with MilliQ plugs on either side. Figure 6.16.C shows the
same data in terms of absorbance. The initial sample plug length was 1.92 m and was
changed to 0.96 m at 500 seconds. The reference cell (grey, Figure 6.16.B) shows the
plug entering the serpentine approximately square (rise/fall times were 30 seconds, due
to valve dead volume). The nal sample plugs (black, Figure 6.16.B) have half the
absorption value of the initial plug (due to a 1:1 dilution with MilliQ) and the width
of the samples have broadened, as expected from dispersion. Both the 120 second and
60 second plug proles are in qualitative agreement with Figure 6.16.A. For a 30 second
long sample plug the amplitude reduced, similar to Figure 6.16A.
Aris (1960) found that periodic ow, as generated by a syringe pump, is usually not a
signicant contribution to dispersion. It contributes less than 1% to the total dispersion,
unless the amplitude of the uctuations in the pressure gradient are larger than the
mean. However, Ng (2006) notes that slow pulsations (oscillation period comparable to
the advection time-scale) can lead to much higher contributions to the dispersion. In
this work, the average ow rate was 50 L/min, provided by the syringes in discrete
volumes of 3.42 nL/step (14,640 steps/min), so that pulsations can be ignored and are
unlikely to contribute to dispersion.
Successive dye plugs were injected at increasing concentrations (Blank, 0.025%, 0.05%
and 0.1%, sequentially), and the results are shown in Figure 6.17.A. Identical data is used
in Figure 6.17.B but this graph is in terms of absorbance. The plug sizes were 480, 720,
960 and 1920 mm (as labelled by the 30, 45, 60 and 120 sec. injections, respectively). For
each of the plug lengths the reference cell (grey, Figure 6.17.A) shows the input proles
of 4 laddered plugs entering the serpentine with sharp edge transitions. The nal output
proles (black, Figure 6.17.A) have 50% of the absorption value of the initial plug due to
the 1:1 dilution, MQ:Dye. The slopes have decreased, as expected from dispersion. The
45, 60 and 120 second injections yield output proles that have distinguishable plateaus;
however the 45 second injections do not recover to the blank level on the MilliQ water
plug (plug transition from 0.1% to MQ). The 30 second injections showed overlapping
of the samples, such that the original input prole had smeared to a gradient of dye
concentration.
To measure phosphate using the \Yellow method" the chip was congured as in Fig-
ure 6.14. Successive phosphate plugs were injected at the 120 s optimal injection time
for increasing concentrations (MilliQ, 20, 30 and 40 M, cycled) and the results are
shown in Figure 6.17.C. Identical data is used in Figure 6.17.D with the graph in terms
of absorbance. The reference channel measures the sample before addition of reagent
where there is no colour development. After the sample is mixed with reagent (1:4,
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the absorption cell. The dispersion is similar to that observed for the food-dye. The
transients seen on some of the plateaus occurred when valves were switched; these uc-
tuations were not visible in the dye experiments. Similarly, when the pump changed
directions (switching syringes) with the yellow method, uctuations were seen in the
measurement data. This is presumably caused by variations in refractive index due to
loss of synchronised ow when mixing reagent with the standards. This does not occur
when using dyes. When sampling continuously (valves not switched), transients are not
observed because there are no pressure perturbations.
6.3.2 Multiplexed stop ow system performance analysis
The demonstration multicell microchip was evaluated with both dye (to investigate
sample loading and dispersion) and with the phosphate \Yellow method" to investigate
the eects of reaction kinetics within this system. In dye experiments, coloured samples
of increasing concentration (blank, 0.05%, and 0.1%; cycled) were successively injected
and the results are shown in Figure 6.18.A. Again identical data is used in Figure 6.18.B
with the graph in absorbance. Samples were diluted with Milli-Q water connected to
the reagent input (1:1 (v/v) dilution by use of the parallel peristaltic pumps). Each
pump cycle delivered 8 L, governed by the valve seat cross-sectional area and depth.
To evaluate the stability of the optical cell in this pumping conguration, sample plugs
were injected in 10 pump cycles (80 L, 42 seconds) followed by a hold time of 90 s.
Figure 6.18.A shows that it takes 2-3 pump strokes to change over a sample, for example
0.1% dye to MilliQ. This is notable by the steep gradient or transition between samples.
The perturbation that occurs during a pump cycle is seen by the small change during a
rising or falling edge, circled in grey in Figure 6.18.A (similar in position on each repeat).
The inset box shows that pump strokes 4-10 (before the wait time) have little eect on
the absorption signal. As each pump cycle takes 4.2 s (6 x 700 ms per actuation), the
device can swap samples in the absorption cell every 12.6 s.
The temporal performance of the implementation presented is limited by the time taken
for the sample within a hold chamber to be changed. The system is designed such
that mixing and reaction times aect only the number of chambers required to achieve
the maximum temporal performance. The maximum temporal performance is in turn
limited by the pump actuation time; that is, the speed at which the valve membrane
changes state (from closed to open) multiplied by the number of steps in a peristaltic
pump sequence. The pneumatic solenoid actuators used to open and close the on-chip
valves have a minimum actuation time of 35 ms; however it was determined experi-
mentally that accurate and repeatable pump volumes require more than 500 ms per
actuation. Actuation speed (technology-dependent, here pneumatic) will be the limit-
ing factor that determines pump speed and thus sensor temporal performance with the
MSF architecture.80 Chapter 6 Designing Nutrient Sensor Systems
To demonstrate the combined eects of quick diusion (short mixing time) along with
slow reaction kinetics, the system was used to measure phosphate by the \Yellow
method", which has a typical color development time of 9 min. Reagent and phos-
phate standards were successively injected at increasing concentrations (blank, 20 M,
and 40 M; cycled), and results are shown in Figure 6.18.C. The data shown in Fig-
ure 6.18.D is identical with the graph in absorbance. 10 pump cycles (80 L) were used
but the hold time was increased to allow nearly full color development (9 min). Com-
parison of Figure 6.18 panels A and C (or B and D) shows that transients from pumping
are more apparent when the phosphate chemistry is used. The transients are larger with
the stop-ow setup than the continuous-ow setup since peristaltic pumping used in the
stop-ow system produces sudden changes in ow velocity and prole. However these
transients do not interfere with the nal measurements which are taken during a 5 s
window at the end of each hold time (Sieben et al. (2010)). Even when reagent assays
have fast reaction kinetics, slow mixing times may become the limiting factor for colour
development. For example the determination of Iron concentration with the Ferrozine
method (Stookey (1970)) where the mixing time is in the order of hundreds of seconds
for these channel sizes. In this case the total hold time would be the combination of the
diusion time and the reaction time; which is typically greater than the pump actuation
time. It is this total hold time divided by the time taken to ll each chamber that denes
the number of chambers required to achieve maximum temporal performance.
The performance of the current two-channel system is close to that required for con-
tinuous measurement of phosphate (every 10.8 s) onboard an Argo oat deployment.
The system can move a new sample into each chamber every 12.6 s, which can provide
a 1.17 m resolution. This assumes that the system will have enough chambers to al-
low for colour development and measurement. With a hold time of 9 min (full colour
development), 45 hold chamber units would be required to achieve a 12.6 s temporal
resolution. However shorter hold times could be used (3 min for phosphate chemistry
(Bowden et al. (2002b))) but at the expense of reduced sensitivity. A 3 min hold time
requires 15 hold chamber units.
6.4 Conclusions
In this chapter possible valve and pump architectures for microuidic colourimetric
sensor systems have been discussed and a brief overview of mixers included. The use
of components within the system aects the system performance and some functions
may not be required (such as mixers) when certain architectures or system operational
modes are chosen. Continuous ow systems often require an in-line mixer and a SAR
design suitable for these types of system has been demonstrated.
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tems have been demonstrated utilising continuous-ow and stop-ow architectures. The
continuous ow system is capable of sampling every 60-120 s (30-60 samplesh 1) and is
limited by the Taylor dispersion. By decreasing channel size, dispersion could be reduced
and the sampling rate improved. Alternatively, a novel multiplexed stop-ow (MSF) mi-
crosystem was demonstrated requiring 12.6 s per sample (up to 285 samplesh 1). The
MSF architecture utilizes on-chip valving, is scalable, requires no mixer, and would per-
mit sampling at much faster rates (i.e. subsecond). Furthermore, the platform would be
capable of handling multiple chemistries to sample a wide range of nutrients on a small-
footprint device. With further work to reduce the size of the valve actuation mechanism
the system could be deployed remotely to continuously measure nutrient concentrations
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Figure 6.14: (A) Continuous ow system diagram. The system is based on a
push/pull scheme, where eight valves, two waste and two reagent syringes enable non-
stop operation. To analyse one of the samples, the appropriate valve was opened and
the sample was pulled into the chip by the waste syringe (pulling syringe). The sample
is passed through the reference absorption cell and reagent was added at the Y-junction
(pushing syringe). The long serpentine was then used to create a time delay allowing
the formation of colour, which was nally recorded with two dog legged measurement
absorption cells. (B) The continuous ow microuidic chip schematic (diameter of
90 mm). A series of commercial valves were mounted onto the chip and permit sample
selection, followed by a reference absorbance cell (2.5 cm path length), a Y-junction, a
1650 mm long serpentine and two measurement absorbance cells (2.5 cm and 0.5 cm
path lengths).Chapter 6 Designing Nutrient Sensor Systems 83
Figure 6.15: (A) The multiplexed stop-ow (MSF) chip schematic with multiple ab-
sorption cells; a sample bus with 4 valved inlets, a reagent input, two peristaltic pumps
that operate in parallel (P1 for reagent and P2 for sample), and two hold chamber
units (entry and exit bus valves and an absorption cell) that are on a common bus.
The system operates by sequentially loading the hold chambers and allowing colour
development. The system is scalable and allows `n' number of hold chambers. (B) The
valve architecture implemented, based on a tri-layer structure of PMMA/Viton/tinted-
PMMA. The bottom substrate incorporates uidic channels, the middle layer is a de-
formable elastomeric membrane, and the top substrate contains the pneumatic control
channels. Opening and closing of valves is achieved by controlling the pressure in the
displacement chamber. (C) Photograph of the multiplexed stop-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Figure 6.16: (A) Theoretical Taylor-Aris dispersion calculated for 4 input plug sizes.
The plug prole is shown as it travels to the detection cell (output) at various times
(where tr is the total residence time). (B) Taylor-Aris dispersion using the continuous-
ow microuidic devices with yellow food dye. 0.1% dye plugs were injected with MilliQ
plugs on either side (plug sizes were 1.92 m and were changed to 0.96 m at 500 seconds).
The reference cell (grey) shows the plug entering the serpentine approximately square.
The nal plugs (black) have half the absorption value of the initial plug (1:1 dilution
with MilliQ) and the slopes have decreased. Qualitatively, the 120 second and 60 second
plug proles agree with the proles calculated in (A).Chapter 6 Designing Nutrient Sensor Systems 85
Figure 6.17: Continuous ow chip: (A) Successive food-dye plugs were injected
with increasing concentration (Blank, 0.025%, 0.05% and 0.1%, and repeated). Four
plug sizes were used and the reference cell (grey) shows the input proles entering the
serpentine. The nal output proles (black) show Taylor dispersion and have 80% of
the absorption value of the initial plug (1:4 dilution, MQ:Dye). (B) Shows the data
in A as absorbance values. (C) Successive phosphate plugs were injected (120 sec.
injections) with increasing concentration (MilliQ, 20, 30 and 40 M, and repeated)
and mixed with reagent. The reference channel (grey) shows the samples before the
addition of reagent, and thus does not show the input prole as there is no colour
development. The measurement channel (black) shows the dispersion is similar to the
food-dye experiments and the plateaus are discernible. (D) Also shows the data in C
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Figure 6.18: Multiplexed stop-ow (MSF) microchip: (A) Successive dye samples
with increasing concentration (Blank, 0.05% and 0.1%; cycled) were mixed on chip
with MilliQ (1:1 v/v) and injected into absorbance cells 1 and 2. The sample plugs are
injected using 10 pump cycles (80 L), before a hold-time (90 seconds). It takes 2-3
pump strokes to change a sample, observed by the rapid transition between samples.
The pump cycles can also be seen on the slope during a transition, circled in grey (similar
position on each repeat). The inset box shows the remainder of the pump strokes before
the wait time. (B) Shows the data in A as absorbance values. (C) Phosphate standards
successively injected with increasing concentration (Blank, 20 and 40 M; cycled) and
mixed with reagent. The hold-time for colour development is 9 minutes. The box
(inset) shows the 10 pump strokes for each channel before the wait time. (D) Also
shows the data in C as absorbance values.Chapter 7
Conclusions
7.1 Thesis Summary
Here I have summarised the evolution of this thesis work which resulted in the develop-
ment of a microuidic platform for wet chemical nutrient sensors. The purpose of this
work was to produce components for in-situ oceanographic nutrient sensor systems from
robust low cost materials. The outcome is a microuidic chip with integrated valves and
pumps produced in PMMA with a robust, chemically resistant Viton R  membrane.
In chapter 3 a solvent vapour based bonding process was introduced for COC and
PMMA polymers. This procedure allows physically robust, optical quality microuidic
devices to be realised in micromilled substrates. SEM pictures and AFM scans were
taken of treated and untreated surfaces. These show that exposure of the polymers
to an appropriate solvent vapour (chloroform for PMMA, cyclohexane for COC) led
to signicant reduction in surface roughness. This reduction is due to the softening
of the surface by the solvent vapour, allowing the polymer to reow. The polymer
reow reduced the surface roughness from 200 nm to 15 nm. The bonding and surface
roughness reduction method shown can also be used with other fabrication techniques
for low-cost and high-quality microuidic prototyping. Since publication of this work in
the Journal of Micromechanics and Microengineering the method has been adopted by
a number of microuidics research groups.
Chapter 4 includes a discussion on possible methods to integrate optical absorbance cells
onto the microuidic platform. The method presented within this chapter was possible
due to the bonding and surface reduction method presented in the previous chapter. A
demonstration chip manufactured from tinted 7F61 PMMA (Evonik R ohm Gmbh) was
presented. This is a low cost commercially available polymer which can be injection
moulded for mass production of low cost devices. The absorbance spectra for this mate-
rial and other grades of PMMA was presented. A demonstration device suitable for use
with optical bres was also shown. Performance of this design methodology has been
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assessed by Floquet et al. (2011) who states a factor of 6.4 improvement in the system
sensitivity using a tinted PMMA substrate compared to transparent PMMA. This tech-
nique allows high performance absorbance spectrometry from mass producible designs.
This was demonstrated by Sieben et al. (2010) who built a Nitrite detection system
using the technique. A 14 nM limit of detection was demonstrated; an improvement of
one order of magnitude improvement over other systems in the literature. The optical
cell design was also used in chapter 6 as part of the two demonstration systems.
Control of uids upon the microuidic system platform is important and, while bolt-on
commercial valves allow these functions to be performed, the cost and uidic disad-
vantages limit system architecture possibilities. In chapter 5 a method for permanent
bonding of chemically-inert Viton R  membranes to PMMA and COC was demonstrated.
Low dead volume microvalves were made from these materials and characterised using
pneumatic actuation. MilliQ water and seawater were passed through the valve and the
leakage pressure, with dierent actuation pressures, observed. The repeatable hystere-
sis due to seawater fouling of the valve was presented. A bubble train demonstrating
repeatable actuation of the valve was also included. The bonding approach described
complements the microfabrication methods in chapter 3 and enables the integration of
chemically robust Viton R  valves in a wide range microuidic devices. This work was
published in Lab on a Chip journal titled Chemically resistant microuidic valves from
Viton R  membranes bonded to COC and PMMA.
In chapter 6 the eect of dierent system architectures and the requirement for cer-
tain components within microuidic colourimetric sensor systems was discussed. This
included a brief overview of mixers and a discussion on their requirement. A split and
recombine mixer design developed by this author, suitable for continuous ow systems,
was shown operating with food dyes.
Two demonstration systems were built to study the temporal response of microuidic
colourimetric sensor systems using continuous-ow and stop-ow architectures. The
continuous ow system can sample every 60-120 s (30-60 samples h1) and was limited
by the Taylor dispersion. A novel multiplexed stop-ow (MSF) microsystem was demon-
strated requiring 12.6 s per sample which if scaled to have more measurement channels
(>43) would be capable of up to 285 samples h 1. The MSF architecture utilises on-
chip valves allowing for small sample volumes. Operational data for food dyes and the
phosphate yellow method was given for both systems. The MSF system demonstrates
the advantages of microuidic systems in nutrient sensor technology. With small sample
volumes and high temporal response this system demonstrates what is possible in this
eld.
The next step in this work is to take a MSF architecture high temporal response sys-
tem such as that demonstrated and package it for a real world deployment. Further
suggestions on how this work could be continued are included in the next section.Chapter 7 Conclusions 89
7.2 Future Directions
There are a number of directions in which this research could be taken. These are
described in the following sections.
7.2.1 Materials
The method described in chapter 5 was optimised for bonding Viton R  to PMMA and
COC, but for certain chemistries these may not be the optimal materials. Optimisation
of this process for bonding of Viton R  and other robust elastomers to uoropolymers
such as Teon R  would allow for a wider range of solvents especially to be used within
the systems.
7.2.2 Valve Actuation
Although the pneumatic actuation featured in chapter 5 was suitable for proving the
valve principle and for demonstration of a system in chapter 6 it is not an ideal actuation
method for in-situ deployment. For remote deployments an actuator is required for
valves and pumps within the system without the external pneumatic infrastructure.
This is an area of interest to a number of microuidic groups so the impact of success
in this area would be far reaching.
7.2.3 Mixers
I have touched upon this subject within this thesis in chapter 6 but mixer design was
not the core objective of this work. To take the mixer work forward involves improving
the qualitative results which may be achieved by visualisation utilising an alkali and
indicator as used in work by Kim et al. (2005a). By using sodium hydroxide solution
and phenolphthalein indicator solution the boundary between the two uids is seen as a
pink line. The diusion of the large phenolphthalein molecule is slow meaning the eect
of the mixing elements should be more obvious optically than the food dye used in this
work. It will give a good indication of the eectiveness of the mixer to mix rather than
show the diusion of the two uids.
In order to assess the eect on the cross-sectional prole a confocal microscope could
also be used to view the through channel prole while water and uoroscein are used
as the two uids. This should allow a sequence of pictures similar to Figure 6.11 to be
obtained conrming the operation of the elements.
Finally there is a need to run real life chemical reactions through the mixers so that the
eectiveness of mixing uids with di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be assessed. The Iron/Manganese reagents could be used for these assessments as there
is a desire to reduce the overall volume of the reagents used in these systems and the high
viscosity of the reagent makes it an ideal candidate. The mixers should reduce reagent
consumption if mixing speed is increased but any increase in dead volumes (compared to
the currently used chicane mixers) will increase the ushing time and required volume
of ushing solution. The mixing eciency could be assessed using an optical ow cell
with known concentrations of sample comparing premixed and on-chip mixed results.
The dead volume eects could be assessed using the same experimental setup but by
owing sample and reagents followed by ushing and measuring the cross over between
signals.
7.2.4 Further Miniaturisation
In order to turn the demonstration system featured in chapter 6 into a usable in-situ
system it needs to be packaged to create a self-contained device. This work should
be performed alongside any valve actuation developments so that these advances can
be taken into account within the design. With correct design I would foresee that the
nished device could be <0.25 dm3 without reagent storage which would vary in capacity
dependant upon the required deployment duration.
7.3 Impact of the thesis research
The measurement of nutrient concentrations is going to further understanding of ocean
systems and improve modelling. Currently cost and physical size of devices are bound-
aries in wide scale deployment of sensors. In this work I have demonstrated a scalable
microuidics platform which has the potential for mass production allowing cost per
measurement to decrease. The nal system is capable of hundreds of discrete measure-
ments per hour providing an order of magnitude improvement upon existing systems.
Future work would include building systems for all nutrient chemistries upon the plat-
form, as well as further development into mixers for chemistries requiring fast mixing
along with short reaction times. With these developments low-cost, physically small
systems are obtainable and mass sampling of the ocean will be possible. This work goes
a long way to realising these targets and has enabled system deployments which have
been published in literature (Sieben et al. (2010), Beaton et al. (2011)).Chapter 7 Conclusions 91
7.4 Postgraduate Research and Training
7.4.1 Modules
Lab-on-a-chip - ELEC6100
Microsystems Technology - ELEC6079
7.4.2 Presentations
Table 7.1 gives a list of presentations given during this doctural study.
Table 7.1: Presentations given during doctoral study
Topic Audience
Novel Fabrication of Microuidic Devices BioMEMS Group
Microuidics for Oceanographic Sensors N.S.I Group
Novel rapid prototyping methods for RMST Programme
microuidic devices suitable for in-situ Review Group
chemical sensors
Various (weekly/fortnightly) CMM
7.4.3 Conference Attendance
Ocean Sensors 08 - Germany
MicroTAS 2010 - Groningen, NetherlandsAppendix A
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The full published texts have been omitted from this E-Thesis due to copyright. However
in this appendix the links to, and the reference for, each of the publications is included
for the readers convenience.
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B.1 Example of laminar ow in a microuidic channel with
a high Peclet number
Using Phosphate ions in water (at 20C) as the diusing species, the diusion coecient
is D = 5.51-9.48 e 10m2s 1. The other constants used are given below.
L = 300 m (B.1)
 = 1 e 3Pa:s (B.2)
 = 1000 kgm 3 (B.3)
Re = 10 (B.4)
(B.5)
Rearranging equation 2.1 for velocity and inputting the above constants gives
v = 0:033 ms 1 (B.6)
Using equation 2.4 gives
Pe = 10548 (B.7)
In this case the Reynolds number indicates laminar ow conditions and the Peclet num-
ber indicates convection driven diusion.
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B.2 The development of previous devices at CMM
The development of a simple manufacturing method for chemically and physically robust
microuidic devices has been an important focus in this work. CMM have previously
used a lamination method to produce microuidic devices by laminating an epoxy sheet
onto glass microscope slides, exposing to UV light to cure the polymer and then devel-
opment of the udic structure in a solvent. The structure is then thermally bonded to
a glass slide to form a lid or a dual layer device. The methodology of this technique is
similar to that presented by Vulto et al. (2005) discussed in chapter 3.
Although this method can be used to produce devices with features down to 50 m,
the nished devices are both brittle (uses glass substrates) and awkward to connect to
external systems. Interconnects must be created by drilling vias in the glass substrates
and external tubes or connectors must be glued in place. A close t of components
must be maintained to ensure seals are created and reduce any possible addition of
dead volumes. The integration of elastomeric materials into this type of device is trivial
(Duy et al. (1998)) but PDMS is unsuitable for a number of applications due to its
porosity and hydrophilic nature.
Figure B.1: An example chip manufactured for CMM by external contractor made
with PMMA substrates, patterned with SU8 features (Taberham (2008))
Although the lamination technique works well with glass it requires high temperatures
(180 C) to cure the laminate making it unsuitable for many thermopolymers. There
are suppliers whom can supply microuidic chips with polymer substrates and Epoxy
features such as shown in Figure B.1. This device is manufactured with Poly (methyl
methacrylate) (PMMA) outer substrates and has features patterned in SU8 photoresist.
A batch of these chips takes around 6 weeks for the supplier to turnaround making
rapid development dicult. The mis-alignment of the upper and lower layers on dual
layer designs is also large (>20 m) which causes problems in mixer designs encouraging
bubbles to be trapped in the added dead volumes.Appendix B Further Notes 99
B.3 Notes on bonding robust microuidic devices
B.3.1 Bonding Tips
If using an LPKF multipress be aware that the internal surfaces stay hot even after the
cooling process so it is wise to wear heat proof gloves and be very careful. Also note that
after time the internal pressure plates of the press appear to warp so it is recommended
that a Viton R  sheet is used between the substrates and stainless steel of the press. The
inclusion of thin PET sheets (laminating pouches over a cardboard sheet work well) will
reduce adhesion of the Viton R  to the substrates also. The Viton R  sheet conforms to
the shape of the surface ensuring even pressure distribution while the laminated mats
provide at clear non-stick surfaces ensuring the outer chip surfaces remain optically
clear.
B.3.2 Bonding tinted PMMA substrates
A variety of PMMA substrates are available manufactured in one of two ways. Com-
monly thin sheets (<3 mm) are made by extruding the bulk polymer to the desired
thickness; all Evonik R ohm Gmbh grades labelled XT are of this type. Alternatively
thicker sheets are manufactured by casting. Coloured grades are also available (typically
cast) and the addition of the colouring material increases the solvent vapour exposure
time of the substrates. For tinted PMMA (Plexiglass GS 7F61) the exposure time is in-
creased to 4 min 15 s. These substrates are often less at than the transparent substrates
so it is benecial to y-cut the bonding surfaces prior to micromilling of features.
It is also benecial to increase the pressure, temperature and time the substrates are in
the press. For tinted PMMA (Plexiglass GS 7F61) these factors become 180 N cm 2,
80 C and 120 min.
B.3.3 Fabrication using Thermopolymers: Attempts to repeat pro-
cesses
Development of a rapid prototyping method for robust materials motivated this investi-
gation into possible suitable substrates. Poly(methyl methacrylate) (PMMA) and Cyclic
Olen Copolymer (COC) were chosen as possible alternatives to the glass substrates al-
ready used. As mentioned previously these materials are popular choices for microuidic
devices and their low cost makes them attractive for prototyping situations. By micro-
machining these substrates with an LPKF S100 micromill (LPKF Laser & Electronics
AG) designs can be realised in a matter of hours. Bonding of the micromachined sub-
strates was investigated and a number of the procedures (and extrapolated versions of)
in Tables 3.1 and 3.2 were attempted with PMMA (Evonik R ohm Gmbh) and COC100 Appendix B Further Notes
(Grades 8007 (Tg 78 C) and 5013 (Tg 134 C), TOPAS Advanced Polymers GmbH)
substrates. A summary of the results is shown in Table B.1.
The details of the experiments in Table B.1 have been omitted as multiple methods
based on these materials were attempted. The temperature, pressure and bonding time
were kept at 65 C, 140 N/cm2 and 20 min. Strength of bonds was assessed by peeling
two substrates apart by hand. Those that were easily peeled apart were deemed too
weak whereas those that were very dicult (usually resulting in one of the substrates
snapping) were deemed strong enough for a robust device. The exposure of the substrates
to their respective solvents was varied and multiple drying methods attempted in order
reduce exposure with the soaking/dipping processes.
Table B.1: A summary of attempted bonding methods
Materials Method Attempted Author Result
PMMA & Acetone Injected through channel Shah 2006 Channel collapse
PMMA & Acetone Soak one substrate - Channel collapse
PMMA & Ethanol Soak for 10 min Klank 2002 Weak bonding
PMMA & Isopropanol Dip one substrate Hsu 2007 Clouding of substrate,
weak bonding
PMMA & Isopropanol Soak one substrate Ng 2008 Clouding of substrate,
weak bonding
PMMA & Chloroform Soak one substrate 1.5 min Koesdjojo 2009 Clouding of substrate, channel
collapse, strong bond
COC & Cyclohexane 90 s vapour exposure Mair 2007 very weak bond
COC & Cyclohexane Soak one substrate 30 s - strong bond, channel collapse
COC & low Tg COC Spin & laminate Steigert 2007 strong bond
The outcome of the experiments was of limited use as no denitive method was found for
bonding both PMMA and COC substrates, however two important lessons were learnt.
The method presented by Steigert et al. (2007) for COC polymers proved to be usable
for bonding strong chips, an example of which is shown in Figure B.2 (built according
to Figure B.4 in order to observe alignment of multiple substrates). This methodology
was not able to be transferred across to PMMA as dierent grades with wide ranging
glass transition temperatures (Tg) are not available from suppliers. Also micromilling
of the lower glass transition temperature COC proved dicult due to the heat produced
during the cutting causing the adhesive layer to melt and damage the cutting tool. This
method is useful for producing simple devices when milling with large (>1 mm) cutting
tools which do not heat up quickly and may be practical with micromills which use wet
cutting and coolant. It is less practical when the heating of the cutting tool melts the low
Tg adhesive layer clogging the tool. As the desired outcome of this work is microuidic
devices with very small channels (<200 m) a more practical method of bonding smaller
channels is needed.
The second important outcome was that chloroform and cyclohexane were able to be
used to produce strong bonds with PMMA and COC respectively. These solvents soften
and dissolve the polymers very readily. This was shown when a PMMA lid was placed
over a container of chloroform as a temporary lid and it collapsed showing that even
in vapour form they are eective. Controlling this vapour softening eect can be usedAppendix B Further Notes 101
Figure B.2: A two layer chip manufactured in COC, features were micromilled using
a 400m diameter bit 200 m deep after adhesive layer was spun onto substrates. The
substrates were then bonded according to the method by Steigert et al. (2007). The
overlapping layers can be seen where the dye is darkest showing aligned features can
be produced using this method
to soften a very thin layer of the polymer substrates which causes them to bond when
pressure is applied between them. In this way the bonding method discussed in section
3.2.1 was obtained.
B.3.4 Low cost bonding equipment
For widespread acceptance of any process, even in the most cash-strapped laboratories,
it is advantageous if there is exibility in manufacturing procedures allowing for a wide
variety of equipment to be used. Other methods of applying uniform pressure have also
been attempted in an eort to reduce the capital cost of setting up this bonding process.
Application of heat and pressure has been achieved by using an LPKF Multipress (LPKF
Laser & Electronics AG), allowing for precise control of the temperature and pressure
during bonding. An alternative method of applying heat is to use an oven. This method
has been utilised many times during the course of this research and no noticeable dier-
ence has been found between chips bonded in the press or in the lab oven. Temperature
is not as well controlled and variation may be as much as 5 C (estimated using a
thermometer on multiple occasions).
In the following section characterisation of the bonding pressure is discussed and the
eect shown to be small. This allows a number of methods of applying pressure to
be used without the actual value of applied pressure needing to be known. Figure B.3
shows two possible methods. By using a G-clamp an initial compression of the device
is used to apply a pressure to the bonded joint. After heating and cooling in an oven
it was noted that the force required to undo the G-clamp was greatly reduced and
the applied force became very little. It is thought that the heating and cooling of the102 Appendix B Further Notes
material causes some plastic deformation of the substrates. This makes this particular
method of pressure application useful when a limited deformation of the substrates is
needed during the bonding process as the nal deformation can be limited by limiting the
initial torque on the clamp. In contrast the second method presented (Figure B.3) allows
an almost constant pressure (as the modulus change in the steel springs is negligible in
the temperature range utilised) to be applied throughout the heating and cooling cycles.
This provides a useful low-cost method of bonding chips so long as the applied pressure
is great enough to overcome any large scale deformation of the substrates reliable bonds
can be achieved. During a period when the LPKF Multipress was being maintained in
our lab this method was utilised with no detrimental eect to the quality of the chips
produced.
Figure B.3: Methods for applying pressure without a press, clear and tinted substrates
used for added contrast, the 2 brass plates are used to distribute pressure, A. Using a
G-clamp, B. Using 2 `bulldog' clips
B.3.5 Alignment
In order to create microuidic chips with multi-layer aligned features (essential when
producing micromixers) the assembly of aligned substrates prior to the nal bonding
steps is required. Simple corner alignment was attempted by machining a 90 corner
on substrates to be aligned and these were used during assembly with a right angled
jig (Figure B.4). This method produced chips that were aligned well visually (estimateAppendix B Further Notes 103
<20 m misalignment) but after the pressing stage the nal chips lost their accuracy.
It appeared that the application of pressure in the LPKF Multipress also included ap-
plication of some shear force (due to the internal design) causing the substrates to shear
out of alignment. To counteract this eect a pin alignment method has been used where
multiple alignment holes are machined into substrates prior to bonding and then ground
steel pins which are slightly smaller (alignment holes 3.00 mm, pins 2.99 mm) are
tted into the holes. Final alignment is typically better than 20 m, limited by the ma-
chining accuracy of the micromill and temperature induced distortion of the substrates
in the press.
It is recommended that only two pins are used and that these are placed along an edge
parallel to and at the front of the press. The LPKF Laser & Electronics AG Multipress
appears to apply a shear force perpendicular to the door at the front, but when the pins
are aligned as described any shear eects present in the press do not appear in the nal
device.
Figure B.4: A. Top and Bottom substrates are machined and prepared for bonding,
B. Bottom substrate is placed on jig and aligned with the corner, C. Top substrate is
pushed into jig without touching the bottom, D. Pressure is applied with both substrates
pushed into the corner to bond them, E. Mis-alignment can be measured by viewing
channels, F. A brass jig used for corner alignment of substrates
B.4 Choice of optical detector: TAOS TSL257 series
The TSL257 is a low-noise light-to-voltage optical converter chosen for use by CMM due
to its high sensitivity and low price ( $ 1 at the time of writing (RS Components Ltd)).
It combines a photodiode and a transimpedance amplier in a single package reducing
the need for external components. At CMM these devices are supplied with 6 volts and
give and output voltage from 0 - 5 volts proportional to light intensity received. This
is easily recorded using National Instruments Corp. interfaces and Labview software
or the in-house CMM datalogger; making it exible for bench and deployment uses.104 Appendix B Further Notes
Other optical detectors are used at CMM but this is by far the most popular due to its
simplicity and high sensitivity.
The rst page of the datasheet for this device has been included on the following page
(for the interest of the reader). Further information is available online or from suppliers
such as RS Components Ltd.TSL257
HIGH­SENSITIVITY
LIGHT­TO­VOLTAGE CONVERTER
TAOS023C − NOVEMBER 2005
1
The LUMENOLOGY  Company 

Copyright  2006, TAOS Inc.
www.taosinc.com
 Converts Light Intensity to Output Voltage
 Monolithic Silicon IC Containing
Photodiode, Operational Amplifier, and
Feedback Components
 High Sensitivity
 Single Voltage Supply Operation (2.7 V to
5.5 V)
 Low Noise (200 mVrms Typ to 1 kHz)
 Rail-to-Rail Output
 High Power-Supply Rejection (35 dB at
1 kHz)
 Compact 3-Leaded Plastic Package
 RoHS Compliant (−LF Package Only)
     
Description
The TSL257 is a high-sensitivity low-noise light-to-voltage optical converter that combines a photodiode and
a transimpedance amplifier on a single monolithic CMOS integrated circuit. Output voltage is directly
proportional to light intensity (irradiance) on the photodiode. The TSL257 has a transimpedance gain of 320 MW.
The device has improved offset voltage stability and low power consumption and is supplied in a 3-lead clear
plastic sidelooker package with an integral lens. When supplied in the lead (Pb) free package, the device is
RoHS compliant.
Functional Block Diagram
Voltage
Output +
−
Available Options
DEVICE TA PACKAGE − LEADS PACKAGE DESIGNATOR ORDERING NUMBER
TSL257 0°C to 70°C 3-lead Sidelooker S TSL257
TSL257 0°C to 70°C 3-lead Sidelooker — Lead (Pb) Free S TSL257−LF
TSL257 0°C to 70°C 3-lead Surface-Mount Sidelooker — Lead (Pb) Free SM TSL257SM−LF
Terminal Functions
TERMINAL
DESCRIPTION
NAME NO.
DESCRIPTION
GND 1 Ground (substrate). All voltages are referenced to GND.
OUT 3 Output voltage
VDD 2 Supply voltage


Texas Advanced Optoelectronic Solutions Inc.
1001 Klein Road  Suite 300  Plano, TX 75074  (972) 673-0759
PACKAGE S
SIDELOOKER
(FRONT VIEW)
1
GND
2
VDD
3
OUT
PACKAGE SM
SURFACE MOUNT
SIDELOOKER
(FRONT VIEW)
1
GND
2
VDD
3
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B.5 The Bouger-Beer-Lambert Law equations
The description of the Bouguer-Beer-Lambert law given in this section is based upon
early unpublished work by Dr. Cedric Floquet and Dr. Matthew Mowlem. This author
has made appropriate corrections and amended it for additional clarity for the reader.
The idealised relationship between the measured optical power, absorbance and chemical
concentration is described by the Bouguer-Beer-Lambert law (Bouguer (1729), Lambert
(1760), Beer (1852)) but for mathematical simplicity the exponential form of Beers law
is given in equation B.8 (Beer (1852)).
Psample = P0e cl (B.8)
Where Psample is the optical power at the detector, P0 is the optical source power,  the
absorption coecient of the absorbing species, c is the concentration of the absorbing
species and l the eective length of the absorption cell. The Bouguer-Beer-Lambert law
only applies if a monochromatic light source is used (i.e.  is assumed wavelength inde-
pendant), and for low concentrations (no interaction between molecules of the absorbing
species). In this case, the absorbance due to the presence of the analyte, A, and hence
the concentration, is determined using equation B.9.
A = cl = ln
Pref
Psample
(B.9)
Pref can be determined by measurement of a sample with no absorbing species (i.e. a
blank). Equation B.9 tells us that the sensitivity of an idealised optical cell is max-
imised when the absorbance is equal to unity. This implies that an optimal cell length
for maximum sensitivity (for a given absorption coecient and concentration), can be
determined by equation B.10.
d(
dPsample
dc )
dl
=  2lcP0e( lc) + P0e( lc) = 0 !  = 2lc ! lc = 1 (B.10)
In systems utilising these principals monochromatic light sources are not often used so P0
and  are wavelength dependent. In addition there will be an oset at the detector due
to ambient and stray light not passing through the optical detection volume. Therefore
the measured power is given by equation B.11.
P =
Z
P0()e ()cld + Poffset (B.11)
If the the spectral characteristics of the source and the extinction coecient are notAppendix B Further Notes 107
identical then, even in the absence of stray light, equation B.9 is not applicable and
if used incorrectly will result in a non-linear absorption measurement. Galli (2001)
demonstrated this non-linearity by developing an analytical solution for a Gaussian
source spectrum and a linear slope molecular extinction coecient spectrum. Even
neglecting spectral eects, ambient and stray light cause non-linearity and must be
considered by adding Poffset to equation B.9 giving equation B.12.
A = ln
Pref
Psample
= ln
(P0 + Poffset)
(P0e cl + Poffset)
(B.12)
Poffset can be determined directly by measuring the optical power when an opaque
sample is placed in the absorption cell enabling the correction of recorded results. By
eliminating stray light as much as possible, measuring its eect through opaque samples
and standards it is possible to obtain a calibration curve for optical ow cells to obtain
highly accurate measurements. If wavelength independence can be maintained through
careful choice of light source and detector (to ensure the spectral responses convolve)
linearity of system response and in turn the accuracy can be even further improved.
B.6 Example calculation of optical cell eciency with tinted
PMMA
For Nitrite measurement with the Griess reaction the molar absorptivity is 39,000 M 1 cm 1
(Sieben et al. (2010));
Using equation B.9 gives a absorption length of 2.56 cm for maximum sensitivity (ab-
sorption = 1) at 10 M concentration.
For maximum power eciency during blank measurements window thickness should be
minimised. In practice windows should each be at least 300 m thick to allow for any
misalignments during manufacturing.
Therefore the in path absorption length (for a blank) is 600 m
The out of path absorption length (from source light) is 600 m + 2.56 cm = 2.62 cm
From Table 2.1 the excitation/detection wavelength for the Griess reaction is 525 nm.
Assuming 7c14 light grey PMMA is the chosen build material, from Figure 4.3 the
optical density for a 1 mm sample at 525 nm is 0.3; therefore the absorbance is 3 cm 1.
With 7c14 PMMA the through channel absorption (Ain) is 1.8.
The out of channel absorption (Aout) is 7.86.108 Appendix B Further Notes
In analytical chemistry absorbance is given by equation B.13 where I0 is the intensity
of the light at the source and I1 is the intensity of the light at the detector (Grassho
et al. (1999)).
A = log10
I0
I1
(B.13)
Assuming a large, poorly matched light source is used (and detector of equal dimensions)
and only 1% of light goes into channel (i.e. I0out = 99I0in), using equation B.13 the noise
at the detector as a proportion of the total signal is
I1out
I1in + I1out
=
99
10Aout
10Ain + 99
= 0:01% (B.14)
Using a light source that only excites within the channel and a detector which only
detects within the channel area would improve this further.
B.7 Integration of Membranes: Attempts to copy litera-
ture
Although the use of PDMS is not optimal for the development of wet chemical sensors
due to the porous nature of the material a number of attempts were made at bonding
this material to polymer substrates for the inclusion of elastomeric actuators. Solvent
vapour bonding, by the method mentioned previously, was attempted with two PMMA
substrates and both PDMS and Teon membranes. An example of a chip produced with
this method is shown in Figure B.5. This method produced a weak bond between the
PMMA and membrane. PDMS was not usable due to the very weak bonding but Teon
did provide some promising results although the weakness meant very careful handling
was needed not to delaminate the chips produced. This method was also attempted
with COC substrates without improvement.
Following the work by Duy et al. (1998) oxygen plasma treatment was also attempted
with PDMS and polymer substrates. Successful bonding of PDMS to itself was possible
(as one might expect) but bonding to PMMA was not possible as oxygen plasma does
not appear to activate the surface suciently. Using a short exposure to oxygen plasma
(15 sec) with a low power (50 W) it was possible to adhere PDMS to COC. Although
it was possible to obtain a fairly strong bond if a post-exposure heat treatment of 80C
for 1 hour was performed, the bond was not permanent and the materials would come
apart after 24 hrs. This process has been further attempted in a cleanroom by members
of CMM who have been able to produce longer stability with cleaner substrates.Appendix B Further Notes 109
B.8 Novel integration of cast membranes
Figure B.5: A PMMA microuidic chip
bonded with a Teon membrane
Taking a dierent approach to the
previous experiments to integrate
membranes, the casting of integral
components was attempted. First
attempts utilised a polyurethane
(PU) based sealent/adhesive (Tero-
stat PU 92, available from RS Compo-
nents Ltd) manufactured by Loctite.
Following the method detailed in Fig-
ure B.6 a series of membranes were
cast. The cast membrane appeared to
be strong but while cleaning with sol-
vents (ethanol and isopropanol) it was
noted that some of the black colour
was transferred away. As cleaning of parts with these solvents is part of our standard
processes a more appropriate elastomer was searched for.
Following investigation Viton R  elastomers (a range of polymers manufactured by Dupont)
appeared to be a useful alternative to PU based materials. These materials have a good
resistance to almost all acids, bases and solvents and swell only in the presence of ke-
tones. A sheet of FKM 0.5 mm thick was obtained from Goodfellows and tested for
resistance to our lab solvents and (as datasheets suggested) only swelled in the presence
of ketones (Acetone and 2-Butanone were used) after 10-12 hours soaking. Attempts to
bond the FKM sheet with the PU adhesive were at rst successful although under strain
(estimated >100%) the materials separated. Long term strain cycling which occurs in
the operation of valves is likely to also cause this failure so further investigation into
adhesives for Viton R  materials was undertaken.
A Viton R  based adhesive used in high temperature applications is THA3000 manu-
factured by Thermodyn Corp.. This material was obtained and a series of test pieces
created. The formulation is suitable for the adhesion of a range of materials as can be
seen in Table B.2. The nished material is also very elastomeric and being Viton R  based
has the same chemical resistance. No noticeable eect has been noted using ethanol or
isopropanol to clean the material once cured, swelling only being present when acetone
and 2-butanone are used. During the casting process it is apparent that there is signi-
cant shrinkage of the elastomer throughout the cure which was recorded. This has been
noted to be 85%, measured by curing a 100 ml sample for 2 weeks and noting the nal
volume. When membranes are cast from this material they are strong and exible and
have been used to create a working valve structure (Figure B.7).
The diculty with this method is the unreliability of the casting process; approximately110 Appendix B Further Notes
20% of the cast membranes were of usable quality (i.e. at without inclusions). During
the process out-gassing of solvent occurs and presumably this causes the inclusions.
Because of this reliability problem further research into the inclusion of commercially
available membranes was pursued.
Table B.2: Adhesion of THA3000 adhesive to substrate materials
Material Adhesion
Poly(methyl methacrylate) (PMMA) Good
Polytetrauoroethylene (PTFE) Weak
Polypropylene (PP) very Weak
Polyether ether ketone (PEEK) Good
FKM sheet Good
Glass Strong
Polydimethylsiloxane (PDMS) VERY Strong
Cyclic Olen Copolymer (COC) Good
Figure B.6: Method for casting elastomeric membranes using common adhesives
B.9 Optimisation of oxygen plasma exposure
Shown in Figure B.8 and Figure B.9 are photographs taken of droplets of MilliQ water
on PMMA and Viton R  polymer surfaces exposed to oxygen plasma. Contact angles
were assessed from these pictures and used to rene the process in 5.Appendix B Further Notes 111
Figure B.7: A & B. Valve Test assembly using cast Viton R  (THA3000) valve mem-
brane. Syringe is used as a hydraulic actuator. Connectors into and out of chip are made
from PEEK, C. Membrane deection under positive pressure, D. Membrane deection
under negative pressure
Figure B.8: Measurement of droplet contact angle on oxygen plasma treated PMMA112 Appendix B Further Notes
Figure B.9: Measurement of droplet contact angle on oxygen plasma treated Viton R 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